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ABSTRACT

Author: Han, Dong. PhD
Institution: Purdue University
Degree Received: December 2017
Title: The Effects of Carbon Dioxide Addition on Turbulent Premixed Combustion.
Major Professors: Jay Gore and Robert Lucht
Turbulent premixed combustion plays an important role in the development of gas turbine
systems. Continuous work has been devoted to increasing the turbine inlet temperature
regarding thermal efficiency and introducing combustion technology for suppression of
pollutants such as nitrogen oxide (NOx). Exhaust gas recirculation (EGR) is recognized as
a promising NOx inhibition technique mostly by reducing the combustion temperature.
Recent industrial progress showed that EGR significantly reduced NOx emission even at
the same turbine inlet temperature. An in-depth understanding of the combustion process
is required for the development of low NOx combustors with EGR.
In this work, a piloted axisymmetric reactor assisted turbulent (PARAT) burner was
developed to study turbulent premixed combustion. The burner can be operated at both
atmospheric and high-pressure conditions up to 20 bars. Carbon dioxide which is a major
component of EGR in hydrocarbon combustion systems was added into the fuel stream to
emulate dry EGR. The flames were operated at a nearly constant Reynolds number, Lewis
number, and adiabatic flame temperature to minimize thermal and transport effects. The
differences observed among these flames were expected to reveal the chemical effects of
CO2 addition. The chemical effects on turbulent premixed flames are first investigated
comprehensively with carefully controlled flame conditions. Time and space resolved
measurements were performed under atmospheric conditions to investigate fundamentals
of the combustion process with CO2 addition. Velocity boundary conditions at the burner
exit were measured using particle image velocimetry. Simultaneous temperature and major
species concentrations (O2 and CO2) were measured along the axial direction at the burner
centerline and along the radial direction at representative axial locations above the burner.
High-speed planar laser-induced fluorescence (PLIF) was applied to collect instantaneous
images capturing emissions from OH radical which is an indicator of combustion products.

xviii
Progress variable was used to characterize turbulent premixed combustion behavior of the
flames with different CO2 addition. In an instantaneous flame, temperature and species
concentration are correlated using progress variable, and the flame structure is typically
considered to be the same as a thin laminar flame without interference from turbulence.
The relations between instantaneous flame temperature and major species concentrations,
specifically O2 and CO2 in this study, were compared with Bray-Moss-Libby (BML) model
based on progress variable and kinetic calculations. The thin flame assumption was
examined using the correlation between the RMS temperature fluctuation values and mean
temperature values. The measurements of the flames with varying CO2 addition collapse
on the same curve with an identical deviation from the theory.
In the global flame structure analysis, the process occurring inside an instantaneous flame
was neglected with the flamelet assumption. The turbulent flamelet structure was
characterized using mean flame brush thickness (MFBT) and flame surface density (FSD).
The mean progress variable within the flame brush at varying CO2 addition collapse on a
universal curve with dimensionless coordinate associated with MFBT. The development
of mean flame brush along the radial direction predominantly follows the turbulent
diffusion law. A secondary effect introduced by CO2 addition was observed. The flame
with higher CO2 addition shows a thinner MFBT. Flame surface density was computed
within the flame brush. The FSD shows negligible difference in the upstream of the flame
brush with varying levels of CO2 addition. At the downstream of the flames, a significant
effect of CO2 addition on flame surface density was observed. The flames with higher CO2
addition show higher FSD.
Turbulent burning velocity represented by global consumption speed and local
consumption speed was calculated. The global consumption speed decreases with
increasing of CO2 addition due to a predominant effect of lower unstretched laminar flame
speed. The global combustion intensity showing overall flame surface area increases with
CO2 addition. The local consumption intensity was evaluated using two methods: one
considers unburned and burned pockets, and one does not. The mean values of the local
consumption intensity without considering pockets show little difference among the flames
with varying levels of CO2 addition. The effect of CO2 addition was observed in local
consumption intensity considering pockets. The flames with higher CO2 addition shows

xix
lower values as a function of axial locations. The fine-scale unburned pockets formation
and burnout process showed significant effects on flamelet structure and turbulent burning
velocity. The number of pockets formed and their size and consumption speed were
evaluated at the downstream of the flames. The number of pockets increases with
increasing of CO2 addition. The size and consumption speed show minimum influence
from the CO2 addition.
Addition to the in-depth investigation of the effects of CO2 addition on turbulent premixed
flames, efforts were also made to extend our capabilities in studying turbulent premixed
combustion process with EGR. Planar laser-induced fluorescence measuring CH radical
and simultaneously CH and OH radicals through CH C-X band was performed for flames
with varying levels of CO2 addition. The measurement signal strength was evaluated with
different wavelength and flame equivalence ratios. This technique exhibits excellent
potential for more accurate flame measurements with rigorous indications of the primary
reaction zone and post-flame zone. The challenges can be overcome by the development
of higher energy kHz laser systems. Quantitative narrowband infrared radiation
measurement was performed for turbulent premixed flames. The radiation intensity was
computed using stochastic time and space series analysis in conjunction with different
radiation models. The results from narrowband model and line by line model based on
HITEMP database show good agreements with the measurements. Mean temperatures
were computed using the onion peeling deconvolution method. Good agreements were
observed between measurements and calculations. The quantitative narrowband infrared
radiation measurement shows excellent potential for model validation in the absence of
high-fidelity simulation codes of turbulent flames. Its capability can be advanced by the

development of 3D time-dependent simulation tools and radiation models.

1

1. INTRODUCTION

Motivation
According to data published by U.S. Energy Information Administration (EIA) [1] as
shown in Figure 1.1, U.S. energy production continues to increase, which has been led by
growth in natural gas and renewables since 2000. With the proportional result, the United
States is likely to continue consuming fossil-fuel-sourced energy at high rates for the
foreseeable future, where the natural gas production is projected to account for nearly 40%

of U.S. energy production by 2040. Efficient and clean consumption of these fossil fuels
including natural gas is vital to our future health, habitat, and economy.

Figure 1.1. Annual data published by U.S. Energy Information Administration (EIA)
showing energy production led by growth in natural gas and renewables (Permitted for
public use base on EIA copyright policy).
Nitrogen Oxides (NOx) are major pollutants during the consumption of fossil
fuels. Nitrogen Oxides are not only important air pollutants by themselves, but also react
in the atmosphere to form ozone (O3) and acid rain. U.S. Environmental Protection Agency

2
(EPA) has made continuous effort to reduce NOx emission since 1990 with stringent
regulations and trade programs [2].
Turbulent lean premixed combustion has been widely used for low NOx emission
applications including stationary power plant and automotive vehicles with low flame
temperature. Exhaust gas recirculation (EGR) is a promising technique implemented on
these combustion systems to further reduce NOx emission due to its thermal and chemical
effects. The thermal effect of EGR on NOx emission reduction has been well recognized
due to the reduction in combustion and inlet turbine temperature. However, lower turbine
inlet temperature reduces thermal efficiency of the power plant. Industries have been
pursuing higher turbine inlet temperature regarding thermal efficiency while introducing
combustion technologies for suppression of pollutants like NOx. Tanaka et al. [3] of
Mitsubishi Heavy Industries showed that 27% EGR reduced NOx formation by 40% even
when the gas temperature at turbine inlet was held constant. Their tests demonstrated a
significant chemical effect of EGR on NOx reduction without sacrificing thermal efficiency.
Further development and application of this technology require an advanced understanding
of the chemical effects of EGR on the combustion process. Motivated by these, the focus
of this work is to investigate the non-thermal effect of EGR on turbulent lean premixed
combustion.

Turbulent Premixed Combustion
Combustion processes transform chemical energy into thermal form by burning fuel in
different regimes, ranging from non-premixed to fully premixed modes. If a fuel has not
mixed with an oxidizer before ignition, then combustion proceeds in the non-premixed
regime. If a fuel has mixed with an oxidizer for a sufficiently long time so that the gas
mixture has become homogeneous, then combustion proceeds in the premixed regime. In
premixed flames, if both the fuel and the oxidizer are fully converted into final combustion
products, the ratio of fuel mass and oxidizer mass is called stoichiometric ratio. If the ratio
of the concentrations of fuel and oxygen differs from the stoichiometric ratio in a fuel-air
mixture, the composition of this mixture is commonly characterized by the equivalence
ratio  in the combustion literature:

3



(YF / YO )
(YF / YO ) st

(1.1)

If   1 , the mixture is called lean and if   1 , the mixture is called rich.
Turbulent premixed combustion occurs when the flow field of the fuel-air mixture transfers
from laminar to turbulent modes. Typical images of laminar and turbulent Bunsen flames
were reported by Summerfield et al. [4], where the turbulence was generated by inserting
a grid at an identical flow rate and mixture composition. A striking difference was observed
due to the enhancement in mixing by turbulence. The combination of chemistry and
turbulence makes turbulent premixed combustion one of the most complicated problems
in the world, despite the long history of industrial use.

Diagnostics Methods
The rapid development of advanced diagnostic techniques including computer hardware
and software provides extended insights into turbulent premixed combustion phenomena
[5]. Improved understanding has been gained from time and space resolved as well as timeaveraged measurements of radiation emissions, temperature, species concentrations, and
velocity using various diagnostic techniques [6-8]. In this work, coherent anti-Stokes
Raman scattering (CARS), particle Imaging Velocimetry (PIV), Planar Laser Induced
Fluorescence (PLIF), and Infrared Radiation (IR) imaging were adopted to advance our
understanding of turbulent premixed combustion. The fundamental theories of these
technologies are briefly introduced in the following sections.
1.3.1. Coherent anti-Stokes Raman Scattering (CARS)
Coherent anti-Stokes Raman scattering (CARS) is a nonlinear optical diagnostic technique
for temperature and species concentration measurements. An exhaustive statement of
CARS fundamentals can be referred in [5] and [9]. A pump beam and a Stokes beam are
tuned to a vibrational-rotational or a pure rotational transition of gaseous species to create
a Raman coherence. When this coherence is probed by the third laser beam, probe beam, a
coherent laser-like signal is generated in a phase matching direction at a blue-shifted
frequency. Schematics of CARS signal generation process and corresponding molecular
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states are shown in Figure 1.2. The central angular frequency (  ) of CARS signal is
determined by conservation of energy criterion:

CARS   pump  Stokes   probe

(1.2)

where the subscripts CARS, pump, Stokes, and probes indicate the signal beam, pump
beam, Stokes beam, and probe beam. The CARS signal direction is constrained by
conservation of momentum represented by wave vector ( k ):

kCARS  k pump  kStokes  k probe

(1.3)

The magnitude of the wave vector is calculated as k  n( ) / c , where n( ) is the
refractive index at a frequency  and c is the speed of light in a vacuum. In the gas phase,
the variation of refraction index respect to frequency can be considered negligible. The
direction is the wave vector in the gas phase is identical the direction of wave propagation.
When both energy and momentum conservation conditions are satisfied, a phase matching
condition is achieved. The CARS signal intensity can be calculated as a function of the
speed of light ( c ) in a vacuum, vacuum permittivity (  0 ), and amplitude of electric field
( E ( ) ):
I CARS 

2
1
c 0 E CARS 
2

(1.4)

The electric field of CARS signal is expressed as
E CARS   i

CARS
2c

CARS  pump ,  probe , Stokes  E  pump  E  probe  E * Stokes  l

(1.5)

where CARS is a third order susceptibility, E * is a conjugate term of E , and l is the
probe volume length. Molecular concentrations and temperature information can be
extracted by fitting theoretical spectra to measurement signals.
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Figure 1.2. Schematics of CARS signal generation process (left) and corresponding
molecular states (right).

1.3.2. Particle Imaging Velocimetry (PIV)
Particle Imaging Velocimetry (PIV) is a measurement technique to capture velocity
information of targeted flow fields. An instruction of this technique can be found
extensively in [10]. Tracing particles (solid or liquid) seeded into the flow field are
illuminated by a laser sheet twice within a short time interval. The velocity of the local
flow field is considered with a negligible difference from that of tracing particles. The
scattering signals from particles are recorded by an imaging system. The evaluation of the
velocity field within the plane of laser sheet is handled by particle imaging analysis
algorithms.
During the post-processing, the images are divided into small sub-areas, called
interrogation areas. It is assumed that particles within the interrogation area are moving
homogeneously between two sequential images. The local displacement vector for within
each interrogation area is evaluated using statistical methods. For any image with an
intensity field represented by I (x, t ) , where

x

is a spatial vector and t is a time instance,

a cross-correlation is expressed as

R(s, t )  I (x, t ) I (x  s, t  t )

(1.6)

The cross-correlation is decomposed into three parts as shown in Figure 1.3:

R  RD  RC  RF

(1.7)
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where RC is the convolution of the mean intensities, RF is the fluctuation noise component,
and RD is the correlation obtained from the same spatial vector between two sequential
images. The correlation peak of RD reaches maximum when the displacement vector

s

equal to the local particle displacement in the images. The actual local velocity can be
calculated with magnification factor M as
V

s( RD  max)
M
t

(1.8)

Multiple algorithms and optimization methods have been published in the literature [11,
12].

Figure 1.3. A representative sample of correlation plane with the composition of peaks.

1.3.3. Planar Laser Induced Fluorescence (PLIF)
Planar Laser Induced Fluorescence (PLIF) is an imaging technique to detect flame radicals
and pollutant species at the ppm level. Laser Induced Fluorescence (LIF) is a two-step
process: an absorption followed by spontaneous emission. The laser is turned to a specific
absorption wavelength, and the imaging system records the emission transitions.
Qualitative PLIF has been widely used to detect flame radicals which indicate the
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distribution of reaction zone, preheat zone, or product region. Some combustion parameters
critical to the model development and validation can be extracted with reasonable
assumptions.
1.3.4. Infrared Radiation (IR) Imaging
Infrared Radiation (IR) Imaging captures radiation emissions from flames. The major
combustion products as water and carbon dioxide have strong emissions in the mid-infrared
region (1.4–8  m ). Radiation emissions from specific gases can be acquired using narrow
bandpass filters or spectrometers. This technique has been widely used to obtain species
concentration and temperature information for homogeneous gas samples. Significant
opportunities exist for improving IR imaging techniques for time-dependent
inhomogeneous gas fields such as flames. The advancements in mid-infrared imaging
technologies can be complemented by the development of radiation modeling and threedimensional time-dependent simulation of combustion processes.

Research Objectives
The overarching goal of this research is to advance the fundamental understanding of the
effects of dry EGR on turbulent premixed combustion and provide experimental databases
for combustion model development and validation. The work presented here focuses on
the chemical effects of dry EGR on piloted turbulent premixed jet flames, where dry EGR
was emulated by CO2 addition. The knowledge gained through this work is valuable for
achieving a comprehensive understanding that fits many other scenarios. The efforts
toward the goal will be described in three sections: experimental system design and testing,
Chapter 3; measurements and analysis of critical combustion characteristics of turbulent
premixed flames with CO2 addition, Chapters 4, 5, and 6; and technique demonstrations
for future opportunities and advancement towards the research goal, Chapters 7 and 8.
Before discussing these efforts, a review of the relevant literature is presented in Chapter
2. Vital conclusions and a discussion of future work are summarized in Chapter 9.
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2. LITERATURE

Turbulent Premixed Jet Flames
Turbulent premixed jet flames have been studied extensively using various experimental
arrangements and measurement technologies [5, 13]. However, with the complexity
introduced by the interaction between turbulence and premixed flames, further efforts are
still needed to understand the turbulent premixed combustion process. This section briefly
reviews the experimental evidence observed of the influence of turbulence on premixed
combustion and corresponding theories proposed in the literature. The discussion of the
influence of premixed combustion on turbulence and extensive computational models will
be brief. More comprehensive reviews of this topic can be found in [13-15].
The early work on turbulent premixed flames can be traced back to 1950s done by
Damkoehler [16], Karlovitz [17], and many other researchers [4, 18]. An observable
difference between laminar and turbulent premixed flames was recorded using
chemiluminescence photographs by Summerfield et al. [4]. The thickness of the flame
brush which is a transient region between pure reactants and combustion products
increased significantly from the laminar flame to the turbulent flame. The progress variable

c defined in Equation (2.1) was introduced to characterized this transient region [19],
c

T  Tu
Tb  Tu

(2.1)

where T is the gas temperature and subscripts u and b represent unburned reactants and
burned products respectively. The turbulent flame brush thickness

T

was determined

using the maximum gradient of progress variable [14]. The following equations evaluate
the mean flame brush thickness along the burner centerline

T , x and those along the radial

direction  T ,r at a specific axial location x * .

T , x  max 1

dc  x, r  0 
dx

(2.2)
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T ,r ( x*)  max 1
where x and

r

dc  x  x*, r 

(2.3)

dr

are axial and radial coordinates.

The recent progress in the understanding of mean flame brush development in turbulent
premixed flames was reviewed by Lipatnikov and Chomiak [20]. They pointed out that
measured spatial distributions of progress variable presented in a dimensionless form using

T

collapse into a universal curve for a wide range of different flames. This universal curve

which has been parameterized using different functions shows a good agreement with
various experimental measurements [14, 21, 22]. The development of

T

within a

turbulent premixed flame was investigated by researchers [13, 17]. Karlovitz et al. [17]
claimed that the increase of

T

is mainly controlled by the turbulent diffusion law. The

Taylor theory of turbulent diffusion predicted

T

well for some experimental data [23-25],

even though it does not account for the nonhomogeneous turbulence or heat release in
flames.
Flame surface density  describes the distribution of flamelet within the flame brush.
Experimental measurements of the flame surface density have been published for model
validation as well as for advancing the fundamental understanding of turbulent premixed
combustion [26-29]. Lee et al. [26] claimed that the maximum flame surface density
increases as increasing of normalized turbulent fluctuation velocity by laminar flame speed

u '/ S L 0 or decreasing of integral length scale l using planar laser-induced fluorescence
(PLIF). A similar effect of integral length scale on flame surface density was also reported
by Deschamps et al. [27] using laser-induced Rayleigh scattering (LIRS). Filatyev et al.
[28] reported that the maximum flame surface density decreases as mean flame brush
thickness increases due to turbulent diffusion.
Another critical difference between laminar and turbulent premixed flames observed in [4]
is that the length of the laminar flame is greater than that of the turbulent flame. Unlike
laminar flames where a steady and clear flame surface is presented, and burning velocity
is easily defined, the flame surface area of turbulent premixed flames is time-dependent
and challenging to quantify. A mean flame surface area concept has been widely adopted
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by researchers to characterize the burning velocity for turbulent premixed flames [13, 14]
as shown in Equation (2.4).
ST ,GC 

mu
u Ac

(2.4)

where mu is the unburned reactant mass flow rate, u is the unburned reactant density,
and Ac is the area of the c contour of the flame. The choice in the selection of c value is
somewhat of an arbitrary decision. For examples, Filatyev et al. [28] used c  0.5 for
ST ,GC evaluation, while Kobayashi et al. [30] employed c  0.1 in their work. However,

this definition is not ambiguous that measurements and simulation can be compared using
this definition with an identical c contour. This burning velocity is also named as global
consumption speed to distinguish it from other definitions of turbulent burning velocity
proposed in the literature [13]. In this work, the term “global consumption speed” or ST ,GC
will be used instead of turbulent burning velocity.
The global consumption speed for turbulent premixed flames at different levels of
turbulence was reviewed by Lipatnikov and Chomiak [20]. There are two physical
mechanisms which are widely recognized to control the influence of turbulence on the
global consumption speed in turbulent premixed flames:
1) An increase in the flamelet surface area wrinkled by turbulence, which is
counterbalanced by reactant pocket formation and burned out process.
2) Variation in the local consumption speed, caused by turbulent stretching with nonunity Lewis number.
There might also be some other physical mechanisms of influence of turbulence on
premixed combustion [14]. An emphasis will be put on the first mechanism, and relevant
work will be briefly reviewed in the following. Kobayashi et al. [31] reported that the
increases of normalized global consumption speed ST ,GC / SL 0 with increasing of
normalized turbulent fluctuation velocity u '/ S L 0 , are rapid at high pressure for
small turbulence fluctuation velocity u ' . They attributed this phenomenon to
hydrodynamic instability which enlarges the total flame area in high-pressure
environments. Aldredge et al. [32] found that a decreasing sensitivity of ST ,GC to increases
in turbulence fluctuation velocity u ' occurs beyond u ' of approximately 2.5 times the
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laminar flame speed S L 0 . Abdel-Gayed et al. [33] observed a decrease of S T ,GC / SL 0 with
increasing u '/ S L 0 due to quenching phenomenon with various fuels.
Local consumption speed ST , LC provides an evaluation of fuel consumption rate at a region
of interest (ROI) or within an interrogation region with more insights into wrinkled flame
surface area caused by turbulence. It is defined as


ST , LC  S L 0 I 0  


(2.5)

where  is normal to the flame brush or unwrinkled flame surface AL , S L 0 is unstretched
laminar flame speed, and I 0 is the stretch factor. If we consider a control volume in Figure
2.1, we have








AT  Apo   dV  AL d

(2.6)


AT Apo

  d

AL AL

(2.7)

where AT is area of wrinkled flame surfaces, Apo is an area of unburned and burned
pockets, AL is an area of the unwrinkled flame surface (area of c  0.5 surface). For
instances where unburned or burned pockets are seldom observed,

Apo
AT
, local

AL
AL

consumption speed ST , LC can be calculated by measuring the wrinkled flame front area in
the laser diagnostic images using Equation (2.8) and (2.9).

AT
  d

AL

ST , LC  S L 0 I 0

AT
AL

(2.8)
(2.9)

An alternative way to compute local consumption speed is using a correlation between

ST , LC ,  max , and  T shown in Equation (2.10) derived based on the empirical expressions
shown in Equation (2.11) [34] and (2.12) [35].
ST , LC  SL 0 I 0maxT

(2.10)

  4max c 1  c 

(2.11)
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 4   c 0.5   
c  1  exp 

T

 


1

(2.12)

Both methods were was typically evaluated using laser-imaging measurements with a 2D
approximation [13]. The accuracy of this 2D approximation employed in planar
experimental measurements was evaluated by Bell et al. [29] using DNS. They pointed out
that a factor of 1.35 should be multiplied to 2D measurements to yield correct 3D values.
Numerical calculations from Hemchandra and Lieuwen [36] suggested that the local
consumption speed of an attached flame is not only a function of the local flow and flame
conditions but also of upstream conditions. The local consumption speed ST , LC and global
consumption speed ST ,GC both imply how fast fuel burns in a flame, but they should not
be compared due to lack of correlation between their definitions.

Figure 2.1. Schematic of instantaneous flame fronts with unburned reactant pockets on
the product side and burned product pockets on the reactant side. The wrinkled flame
front area AT , and unwrinkled flame front area AL , and flame front area of burned or
unburned pockets Apo are labeled.

All in all, although substantial progress has been made in clarifying the governing physical
mechanisms of turbulent premixed flames, a number of issues still challenge the
combustion community. This work is also a part of the efforts to improve the fundamental
understanding of turbulent premixed combustion.
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The Effects of Carbon Dioxide Addition on Premixed Flames
The addition of CO2 to the reactant streams plays an important role in modification of
premixed combustion characteristics including flame structure, flame speed, and pollutant
formation [37-40]. Le Cong and Dagaut [41] studied the oxidation of methane-based fuels
with CO2 dilution in a jet-stirred reactor for a wide range of equivalence ratios and
temperatures. Kinetics of this experiment was modeled using the mechanism proposed
earlier by Dagaut [42]. The authors concluded that the consumption of CH4 was inhibited,
mainly, through CO2 thermal effects whereas chemical effects played a secondary role.
The chemical inhibiting effect of CO2 addition to CH4 consumption is introduced by
perturbation of the equilibrium of the reaction H+CO2 = CO+OH [41]. By studying laminar
spherical flames with CO2 addition, Xie et al. [43] also pointed out that CO2 directly
participates in chemical reactions through the elementary reaction H+ CO2 = OH + CO and
inhibits the combustion process because of the competition for the H radical between the
reaction H + CO2 =OH + CO and the reaction H + O2 = O + OH. The effects of CO2
addition on laminar flame speed were examined by Zhu et al. [38]. They reported a
decrease in the laminar flame speed with the CO2 addition at the same adiabatic flame
temperatures. Extinction characteristics of CO2 diluted premixed flames were studied by
Ju et al. [44] and Chen et al. [45]. They found that the reabsorption of emitted radiation
due to the presence of CO2 in fresh gases leads to higher burning velocities and broader
extinction limits. Fackler et al. [40] suggested that premixed flames diluted with CO2
produce less NOx due to a decrease in N2 concentration as well as the depletion by CO2 of
radicals participating in NOx formation chemistry.
In addition to these studies of CO2 dilution effects in laminar premixed flames, a few
studies of these effects in turbulent premixed flames have also been reported. Kobayashi
et al. [30] used OH PLIF to study CH4-CO2-air flames with the mixture preheated up to
573 K at operating pressures up to 1 MPa. They concluded that the combustion intensity
and the mean fuel consumption rate decreased with an increase in CO2 addition. Using
Mie scattering tomography, Cohe et al. [21] reported that the flame wrinkling parameters
and flame surface density did not change significantly with an increase in CO2 dilution.
However, inconsistent with the results in reference [30], they observed an increase of
combustion intensity with CO2 addition. The limited studies on CO2 diluted turbulent
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premixed flames, especially with an emphasis on the non-thermal effects introduced by
CO2 addition, is one of the motivations of this work.

Nanosecond Vibrational CARS for Combustion Applications
Measurements of the statistics of temperature distributions are vital in turbulent premixed
flames because of their impact on chemical reaction rates, instabilities, and pollutant
formation. The measured temperature statistics allows experimental validation of
combustion models such as large eddy simulation (LES) [46]. Coherent anti-Stokes Raman
scattering (CARS) has been proven to be a useful technique for point-wise temperature
measurements in gas-phase reacting flows [5, 9]. In the past, several investigations have
been conducted using N2 vibrational CARS (VCARS) thermometry in turbulent flames
[47-49]. For example, Magre et al. [49] obtained temperature statistics for both premixed
flames and hot non-reacting jets. A critical issue is that the dimension of the probe volume
along the propagation direction of the laser beams is, typically, larger than the
instantaneous flame characteristic length, where the temperature changes rapidly from that
of reactants to that of products. In regions of such high-temperature gradients, the CARS
signal may have contributions from gases at different temperatures. This spatial averaging
effect has been investigated under various conditions [50-54]. A quantitative method to
correct the temperature measurements under spatial averaging effects in turbulent flames
has not been developed. This is because such a correction requires the knowledge of the
unsteady gas composition within the probe volume. It is noted that the overlap and
focusing of multiple laser beams allow CARS better spatial resolution than other
measurement systems.
Concentrations of the major gas species can also be measured simultaneously with
temperature by VCARS. These measurements can provide critical information for flame
characterization as well as for combustion modeling. Hancock et al. [55] measured
temperature and O2 concentration in a laminar jet flame using CARS. Frederickson et al.
[56] measured temperature and O2 concentrations in a turbulent pool fire. Both groups
found that the CARSFT model overestimated O2 concentrations at high temperatures. This
was attributed to the inaccurate modeling of Raman linewidths for higher-J Q branch
rotational lines. Magnotti et al. [57] probed N2, O2, and H2 in a supersonic combustion
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system. Good agreement between measured O2 concentration and theory was shown in
their calibration measurements on a Hencken burner. Carbon dioxide concentrations and
temperatures have also been probed in counterflow diffusion flames [58], CO2 seeded H2
diffusion flames [59], exhaust streams of a liquid-fueled combustor [60], flat flames [61,
62], and in a gas cell [61]. Both higher and lower measured CO2 concentrations than those
from calculations were observed. In addition to the effects of approximate line-width
models, the accuracy of the species concentration measurements in turbulent flames is also
limited by spatial averaging effects.

PIV for Turbulent Jet Flows
Flow information is vital for physical understanding behind combustion phenomena and
numerical simulations. Particle Imaging Velocimetry (PIV) is a widely-utilized technique
to provide boundary conditions and turbulence characterization. The early work on PIV
was done by Adrian [63] with the groundwork on the PIV theory for turbulent flows. With
the development of laser and imaging systems, the PIV technique is capable of providing
time and space highly resolved flow information for different applications [64-66]. Recent
development and application of PIV were reviewed by Adrian [67]. The details of PIV
theory and technique application guidance can be referred to a book by Raffel et al. [10].
Velocity vector evaluation algorithm is vital to the accuracy of PIV measurements. Over
the past decades, many efforts have been devoted to the improvement of the algorithm.
A typical PIV data processing including:
1) Window mask of image pairs to determine an interrogation area.
2) Fast Fourier Transformation (FFT) to convert the image into the frequency domain
for computational efficiency.
3) Cross-correlation in the frequency domain to determine velocity vectors in the
frequency domain.
4) Inverse Fast Fourier Transformation (IFFT) to reveal the velocity vectors in the image
domain.
5) Subpixel interpolation to achieve subpixel accuracy.
Extensive work has been published to increase the accuracy in step 3) with filters [11, 68],
window offset [69], window deformation[70] and many other techniques. However, the
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accuracy of PIV measurements still a concern and affected by many other factors such as
particle image size, background noise, out of plane motion. Researchers and technique
developer devoted significant efforts in the evaluation of PIV measurement uncertainty [71,
72]. In this work, PIV was employed to measure velocity profiles at the burner exit to
provide boundary conditions and characterized turbulence intensity. The application of
PIV in this research follows the prior work on PIV technique by Vlachos and coworkers
[11, 12].

PLIF for Turbulent Premixed Flames
The critical combustion parameters characterizing turbulent flamelet structure and burning
velocity as we discussed in Section 2.1 are often experimentally investigated by PLIF of
molecules and radicals [26, 28, 73]. Hydroxyl (OH) and methylidyne (CH) are two typical
radicals employed in PLIF technique to reveal flame characteristics. Hydroxyl radical is
generally abundant in flames from the reaction zone to products, which determines that
OH PLIF is typically employed for flamelet structure analysis with a thin flame front
assumption between reactants and products. Methylidyne is found in small concentrations,
mostly inside reaction zone, which reveals more direct information about the primary
reaction zone. The time resolution of conventional PLIF measurement is on the order of
few Hz, limited by experimental instruments, in most cases by camera and laser power [74].
Such measurements are well recognized for statistical analysis while lack of information
about flame dynamics and other short life cycle phenomena such as formation and burned
out of small-scale reactant pockets. For example, to track a burning out reactant pocket
traveling through a 20×20 mm2 field of view with 20 m/s requires at least 1 kHz imaging
repetition rate. Higher repetition rate provides higher temporal resolution of such process.
The Recent development of solid-state lasers, high-speed camera, and intensifiers makes
multi-kHz PLIF imaging possible [75, 76]. Johchi et al. [77] reported unburned reactant
pocket consumption speed in a turbulent premixed jet flame using 10 kHz PLIF. Trunk et
al. [78] estimated local displacement speed for freely propagating flames using 10 kHz
simultaneous OH PLIF and particle imaging velocimetry (PIV).
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IR Imaging for Turbulent Premixed Flames
Emission based imaging and spectroscopy such as Infrared radiation intensity
measurement takes advantage of simplicity in provide insights into the temperature
distribution as well as the flame structure of turbulent flames. Recent advances in infrared
imaging methods, high-temperature molecular properties, and data storage technologies,
as illustrated in this manuscript, provide significant opportunities for enhancing these
insights. Ji et al. [6] reported measurements of thermal radiation properties of turbulent
lean premixed methane/air flames previously studied by Chakka [8] and Kelkar et al. [7].
Spectral radiation intensities measured with a monochromator with adjustable slits and a
liquid nitrogen cooled InSb detector were reported. A narrow band model (RADCAL) [79]
was applied to compute radiation intensities based on the measured scalars [6, 8].
Reasonable agreement between the experimental measurements and the computed spectral
radiation intensities was observed. Rankin et al. [80] discussed planar time-dependent
narrowband radiation intensities emitted by a turbulent non-premixed flame and its plume.
Quantitative radiation intensity images obtained using a calibrated infrared camera with an
InSb detector were highlighted. Rankin et al. [81] compared quantitative experimental
spectral infrared images of nonpremixed flame with computed spectral images obtained by
rendering the results of large eddy simulations using the equation of radiative transfer in
conjunction with the narrow band radiation model RADCAL. Goldstein et al. [82] derived
temperature and species concentrations in high-temperature regions of a combustor flowpath using near-IR emission thermometry. The authors suggested the potential for practical
applications for onboard aircraft engine control.
Recent improvements in line by line infrared radiation emission and broadening properties
particularly at high temperatures and pressures suggest the possibility of consistent use of
emission and absorption models and constants in laser diagnostics and radiation heat
transfer computations. The HITEMP [83] database extends the range of temperatures for
the molecular transition properties documented earlier in the HITRAN [84] database.
Additional bands and transitions for the participating molecules including H2O, CO2, CO,
NO, and OH are included. Lindermeir and Beier [85] utilized HITEMP and HITRAN in
conjunction with a statistical band model to compute infrared emission from a radiation
path emulating a jet engine exhaust. The results of the calculations with HITEMP showed
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amended agreement with field measurements of spectral radiation intensity from an aircraft
exhaust.
Temperature estimation based radiation measurement involves deconvolution methods
corresponding to different applications. Three primary tomography reconstruction methods
including “onion peeling”, Abel transformation, and Fourier convolution were review by
Hughey et al. [86] considering their accuracy in reconstruction of axisymmetric reacting
flow fields. Ren and Modest [87] presented an inverse radiation model for temperature and
species concentrations of homogeneous turbulent gas mixtures. Liu et al. [88] reported
measurements of temperature and gas concentration distributions of a laminar premixed
flame by combining TDLAS with onion peeling deconvolution. Snelling et al. [89]
performed temperature and soot volume fraction measurements of laminar diffusion flames
using laser-induced incandescence with Abel inversion algorithm. Simultaneous water
vapor concentration and temperature measurements were presented by Blunck et al. [90]
from infrared images of unsteady laminar diffusion flames with onion peeling algorithm.
Sivathanu et al. [91] applied Monte-Carlo method with onion peeling algorithm to
reconstruct transmittance of turbulent flows. Onion peeling and Fourier convolution were
employed with laser extinction tomography by Brookes and Moss [92] on turbulent
diffusion flames for soot volume fraction while turbulence radiation interaction (TRI) was
not considered. Gore and Faeth [93-95] have shown that TRI increases the heat loss from
a flame leading to a reduction in the local gas temperature of 200 C or more. However,
few explorations of inverse calculation of temperature field based radiation measurement
have been made for turbulent premixed flames with turbulence-radiation interaction in
consideration.
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3. COMBUSTION SYSTEMS AND TESTING

Burner Design
A piloted axisymmetric reactor assisted turbulent (PARAT) burner was developed to
stabilize turbulent CH4/air premixed flames with varying amounts of CO2 dilution in this
study. The burner can be operated at both atmospheric and high-pressure conditions up to
20 bars. A schematic diagram of the cross-section of the PARAT burner is shown in Figure
3.1. The nozzle exit has an 18-mm diameter (D) annular cross-section with a 3-mm thick
wall. The burner is 523 mm tall with diverging (bottom) and converging (near the nozzle
exit) sections. The diverging and converging nozzles were designed to prevent flow
separation and recirculation zones while also reducing the flow boundary layer thickness.
Sustaining a flame at large Reynolds numbers, a non-premixed pilot flame of undiluted
hydrogen was utilized. The pilot flame was generated by flowing hydrogen through a 2mm wide annulus just outside of the nozzle outer wall.
Turbulence generator plates were installed within the burner [96]. Schematic diagrams of
the turbulence generator plates are shown in Figure 3.2. The lower turbulence generator
plate is located before the final convergence of the flow channel, 177 mm upstream of the
nozzle exit. This plate has 5 circular holes with a diameter of 6.35 mm and a 94% blockage
ratio. The upper turbulence generator plate is placed 30 mm upstream of the nozzle exit.
The upper plate has 13 circular holes with a diameter of 2.54 mm and an 87% blockage
ratio. This turbulence generator with smaller holes governs the “integral” scale of
turbulence and serves as a flame holder in the event of a flame flashback.
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Figure 3.1. Cross-sectional schematic diagram of the PARAT burner with dimensioned
zoom-in views of essential aspects.

(a)

(b)

Figure 3.2 Schematic diagrams of the turbulent generators applied in the PARAT burner.
The plates are 3.175 mm thick. All units are expressed in mm. (a) lower, (b) upper.
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Atmospheric Pressure Testing
Three atmospheric pressure conditions were chosen to study flame structure with and
without CO2 addition as shown in Table 3.1. The laminar flame speeds were calculated
using CHEMKIN with the GRI 3.0 mechanism. The laminar flame thermal thicknesses
(characteristic flame thickness) for the flames were estimated, following Lipatnikov [14],
within the framework of the activation energy asymptotic theory. The flames were operated
at the same jet Reynolds numbers (10,000), and the equivalence ratios were chosen to yield
the same adiabatic flame temperature (2030K) in order to minimize the thermal effects on
flame propagation and structure. The peak mean temperatures for all three flames were
measured to be identical within experimental error. The unburned mixture Lewis numbers
differed by a maximum of 2%, thereby minimizing transport effects on the flame structure.
Therefore, any differences in the flame structure and the temperature distributions are
expected to be due to the effects of CO2 addition. The CH4, CO2, and H2 flow rates were
controlled by digital mass flow controllers with a precision of about 2%. The air flow rate
was determined by the upstream pressure gauge of an orifice plate which was calibrated
using a dry test turbine meter. The heat release rates of the pilot H2 flame and CH4 flame
were calculated based on their flow rates and lower heating values. The nominal jet exit
Reynolds numbers are based on the mixed cold gas properties [97], the exit velocity of the
central jet burner, and the burner diameter.
The burner was translated in the vertical direction using a manual lab jack and in the
horizontal directions using a computer-controlled positioner (Zaber A-LST0250A) for
measurements at different locations within the flame. The cameras and optics were
stationary. The burner includes an air inlet at the bottom and fuel and CO2 inlets further
upstream. A thermocouple was installed in the contraction nozzle to detect any accidental
flashback.
Ensemble-averaged visible images of the three flames are shown in Figure 3.3. Images
were acquired by a Vision Research Phantom v7.3 high-speed camera. The exposure time
for each frame was 10 ms, and the sampling rate was 100 Hz. The ensemble averaged
images were delivered by averaging 200 consecutive images. The visible images show
thinner flames with an increase of the unburned region (dark cone in the center of a flame)
with CO2 addition from 0 to 10%.
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Table 3.1. Atmospheric operating conditions for investigation of the effects of CO2
addition on turbulent premixed flames.
Flame #

1

2

Reynolds number (±50)

10000

Adiabatic Temperature (±50 K)

2030

3

Equivalence ratio (±0.02)

0.80

0.84

0.89

CO2 % by total mass (±0.1)

0.0

5.0

10.0

CH4 mass flow rate (±2 mg/s)

111

110

109

Air mass flow rate (±20 mg/s)

2440

2300

2150

CO2 mass flow rate (±4 mg/s)

0.00

124

246

Pilot H2 mass flow rate (±0.03 mg/s)

2.7

Pilot H2 heat release percent of total (%)

6

Lewis number

1

Laminar flame speed (cm/s)

34

30

25

Laminar flame thermal thickness (µm)

70

80

90

RMS turbulence fluctuation (m/s)

1.7

Integral length scale (mm)

1
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(a)

(b)

(c)

Figure 3.3. Ensemble averaged visible flame images at atmospheric conditions with (a)
0%, (b) 5%, and (c) 10% CO2 addition.
Eleven turbulent premixed flames with varying equivalence ratio and CO2 addition were
established for CH PLIF measurement as shown in Table 3.2 and Table 3.3. Flames 4 to
11 were CH4/Air premixed flames operated at the same Reynolds number. The equivalence
ratio for these flames was varied from 0.9 to 1.6. Flames 12 to 14 were CH4/Air premixed
flames with varying levels of CO2 addition from 0% to 10%. The stoichiometric condition
was selected for these flames to generate a higher signal to noise ratio (SNR) compared
with that of lean conditions. These flames were mainly established to demonstrate technical
capabilities and limitation of CH PLIF measurements using C-X band [98].
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Table 3.2. Operating conditions of CH4/air premixed flames with varying equivalence
ratio for the CH PLIF measurements.
Flame #
Reynolds number (±50)
Adiabatic Temperature
(±50 K)
Equivalence ratio (±
0.02)
CH4 mass flow rate (±2
mg/s)
Air mass flow rate (±20
mg/s)
Pilot H2 mass flow rate
(±0.03 mg/s)
Pilot H2 heat release
percent of total (%)
Lewis number
Laminar flame speed
(cm/s)
Laminar flame thermal
thickness (µm)
RMS turbulence
fluctuation (m/s)
Integral length scale
(mm)

4

5

6

7

8
10000

9

10

11

2180 2240 2310 2140 2120 1970 1910

1830

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

123

135

147

158

169

180

191

201

2350 2320 2290 2270 2240 2210 2190

2160

2.7
5

4

3

1
41

45

53

37

31

15

11

8

60

50

40

60

80

160

220

280

1.7
1
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Table 3.3. Operating conditions of CH4/air premixed flames with varying CO2 addition
for the CH PLIF measurements.
Flame #

12

Reynolds number (±50)
Adiabatic Temperature (±50 K)

13

14

10000
2240

Equivalence ratio (±0.02)

2170

2090

1.0

CO2 % by total mass (±0.1)

0.0

5.0

10.0

CH4 mass flow rate (±2 mg/s)

135

128

121

Air mass flow rate (±20 mg/s)

2380

2250

2130

CO2 mass flow rate (±4 mg/s)

0.00

124

246

Pilot H2 mass flow rate (±0.03 mg/s)

2.7

Pilot H2 heat release percent of total (%)

5

Lewis number

1

Laminar flame speed (cm/s)

45

35

27

Laminar flame thermal thickness (µm)

50

65

80

RMS turbulence fluctuation (m/s)

1.7

Integral length scale (mm)

1

High-Pressure Testing
The PARAT burner was installed on a cubical windowed combustor. A compressed air
system at High-Pressure Lab (HPL) supplied the air for premixing and film cooling. The
space between the inner and outer glass windows was filled with a stagnant pressurized
volume of air. The air was heated by an electric heater, and the pipes were heated by
wrapped tape heaters. The primary fuel system introduced natural gas, and a secondary fuel
system introduced the hydrogen pilot. High-pressure water cooled the windowed
combustor. Facility water was supplied at a downstream location to cool the combustor
exhaust for quenching NOx and protecting the gaskets of the back-pressure control valve.
Plumbing and instrumentation diagram (P&ID) is shown in Figure 3.4. Control valves in
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the air and the gas system were remotely operated using the LabVIEW system shown in
Figure 3.5.
The flame operating condition is shown in Table 3.4. The purpose of this test is to
investigate the feasibility of the PARAT burner under high pressure and high-temperature
conditions. The system was heated to 587 K, and back pressure of combustor was enhanced
to 0.52 MPa by flowing hot air at 0.16 kg/s (0.045 kg/s from burner injector and 0.12 kg/s
from film cooling) before the ignition test. Air bulk velocity from the injector was about
60 m/s, which is selected to be far away from the laminar flame speed of 0.4 m/s at standard
conditions (0.1 MPa bar, 300 K). Pressure and turbulence will have a comprehensive effect
on the determination of turbulent flame speed by amplifying the number from laminar
flame speed by 10 to 200 times [99, 100]. Ignition laser was set to 300 mJ/pulse, and
frequency was tuned at 10Hz. Hydrogen flow rate was increasing from 0.068 g/s to 0.091
g/s for ignition test. Ignition happened at 0.091 g/s with 0.22 m/s velocity. Image sequence
of ignition test is shown in Figure 3.6. After the ignition of the hydrogen pilot flame, the
CH4/air flame was established as shown in Figure 3.7.

Table 3.4. Operating condition of PARAT burner at elevated temperature and pressure
Re.

100000±500

Equivalence ratio

0.8±0.02

CO2 percentage by mass%

0

H2 flow rate (g/min)

4.9±0.1

Inlet mixture temperature (K)

587±20

Combustor pressure (MPa)

0.53±0.3

Film cooling flow rate (kg/min)

7.3±0.1
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Figure 3.4. Plumbing and Instrumental Diagram (P&ID) of the experimental arrangement
at Purdue High-Pressure Laboratory.

Figure 3.5. The control panel of this high-pressure tests using LabVIEW.

28

(a)

(b)

(c)
Figure 3.6. Image sequence of hydrogen pilot ignition test of the PARAT burner under
high temperature and high-pressure condition: (a) before the ignition test, (b) ignition,
and (c) 2 min after ignition.
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(a)

(b)
Figure 3.7. Image sequence of natural gas turbulent premixed flame established on the
PARAT burner under high temperature and high-pressure condition: (a) hydrogen pilot
established, and (b) natural gas flame established.
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4. BOUNDARY CONDITION SPECIFICATION USING PIV

Experimental Methods
4.1.1. PIV system
A particle image velocimetry (PIV) system [101] was employed to characterize the inflow
boundary conditions as shown in Figure 4.1. This system consists of a double-pulsed,
frequency-doubled, Q-switched Nd: YAG laser (Spectra-Physics Quanta-Ray GCR200
PIV400-10), an optical system, and a high-speed CCD camera (PIVCAM 10-30, TSI Inc.)
with a 300mm/F3.5 lens (Tamron AF 28-300 mm F3.5). The laser operated at 532 nm and
emitted 400 mJ per pulse at 10Hz, with a pulse duration of 9 ns. A laser-pulse synchronizer
(Model: 610034, TSI Inc.) was used to synchronize the laser and the CCD camera. The
double-pulsed laser beams were formed into a sheet using a combination of spherical and
cylindrical lenses. The scattering from the tracer particles was recorded by the high-speed
CCD camera with a resolution of 1000 x 1016 pixels at 10 frames/s. The laser pulse interval
was set to 12 µs. The imaging region was set to 26 mm×26 mm, with each pixel
corresponding to 26 µm. The laser sheet thickness was about 300 µm based on a
photographic paper burn pattern. The central jet flow was seeded with alumina particles
with a nominal diameter of 0.5 µm. One thousand image pairs were captured for statistical
analysis.
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Figure 4.1. A schematic of particle imaging velocimetry system.
4.1.2. PIV data processing
The 2D vector fields from the PIV images were evaluated using the PRANA tool with
Robust Phase Correlation [11]. An adaptive window offset with iterative image
deformation algorithm was employed to minimize noise and to allow more resolved
measurements. The final interrogation window was 20×20 pixels with 75% overlap,
resulting in a spatial resolution of 0.52 mm and a vector spacing of 0.13 mm. A three-point
Gaussian-fitting algorithm was used to provide sub-pixel accuracy for the determined
velocity. Less than 3% of vectors were found as outliers (erroneous vectors) in the final
pass using universal outlier detection method. Most of the outliers were located inside the
shear layer at the edge of the jet due to lack of seeding particles. In post-processing, vectors
were compared to the mean of all adjacent vectors. Vectors more than 3 standard deviations
from the mean were removed from the ensemble for mean and RMS calculation.
Interpolated vectors to place outliers were only used for integral length scale calculation.
Standard uncertainties of the measurements were estimated based on the cross-correlation
peak ratio from single shot measurements [71]. The uncertainty for the velocity magnitude
was decomposed into axial and radial direction based on the local velocity to provide a
separate assessment axial and radial velocity measurement. The PIV measurements do not
resolve the smallest length scale of flow field (~ 0.05 mm). Therefore, the uncertainties in
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the turbulent fluctuation measurements result from both spatial averaging effects and
measurement uncertainties.

Results and Discussion
The measured velocity profiles at x/D=0.2 are used to characterize inflow boundary
conditions and turbulent statistics as shown in Figure 4.2 and Figure 4.3. The mean axial
velocity profiles are within uncertainty limits for all three flames with identical Reynolds
number. Representative error bars showing standard uncertainty are shown for only every
tenth point for clarity. The RMS axial velocity fluctuation values are nearly identical for
the three flames. A constant value of about 2 m/s of RMS axial velocity fluctuation is
observed within the burner diameter. The mean radial velocity profiles show a similar
behavior for all three flames. The absolute values of the mean radial velocities are an order
of magnitude smaller than those of the mean axial velocities. However, the RMS radial
fluctuation values, which are not plotted in Figure 4.2, are of similar magnitude at about
1.6 m/s within the burner diameter for all three flames. These are best expressed in terms
of the total turbulence fluctuation values and turbulence intensity defined as

urms 

ux2,rms  2ur2,rms
3

T .I . 

urms
umean

(4.1)
(4.2)

for an axisymmetric flow field, where u x and ur are the axial and radial velocity
components. The RMS fluctuation values of the velocity are slightly lower than the RMS
fluctuation values of its axial component due to smaller RMS fluctuation values of the
radial and azimuthal components. The measured turbulence intensities values are nearly
constant of about 14 - 15% between shear layers for flames 1, 2, and 3 at x/D=0.2. Inside
the shear layers, the turbulence intensity increases due to the decrease in local mean
velocity. The integral length scale is calculated based on two-point correlation of u x
component of velocity as


l (r )    (r , r*)dr *
0

where the two-point correlation is defined as:

(4.3)
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(4.4)

Numerical integration of the measured velocities at a point and at points with incrementally
larger radii are completed to obtain statistically significant values of the length scale and
the autocorrelation coefficient. The measured integral scales at x/D=0.2 are about 1 mm
for flames 1, 2, and 3. The integral length scales estimated from the two-point correlation
coefficients depict approximately 20% noise based on a compounding of noise at multiple
points. However, the estimated integral length scales are still of value in support of
premixed combustion model developments. The integral length scales are comparable to
the diameter of the holes on the upper turbulence plate.

Figure 4.2. Mean velocity (solid symbols), RMS velocity fluctuation values of axial
velocity (empty), and total turbulence fluctuation values (cross symbols) at x/D=0.2 for
flames with 0%, 5%, and 10% CO2 addition. Mean and RMS fluctuation values are
computed from 1000 image pairs.
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Figure 4.3. Turbulence intensity (solid symbols) and integral length scales (empty
symbols) at x/D=0.2 for flames with 0%, 5%, and 10% CO2 addition.
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5. TEMPERATURE AND SPECIES CONCENTRATION
MEASUREMENTS USING DUAL-PUMP VIBRATIONAL CARS

Experimental Methods
5.1.1. CARS system
A dual-pump vibrational coherent anti-Stokes Raman scattering (DPVCARS) system
developed by Satija and Lucht [102] was used to measure temperature and O2 and CO2
concentrations simultaneously. This system employed 532 nm and 561 nm beams as
interchangeable pump/probe beams and a broadband dye laser at 607 nm as the common
Stokes beam. The 532 nm beam was obtained by frequency doubling the fundamental beam
from Nd: YAG laser. The 561 nm beam was generated using a commercial narrowband
dye laser whereas the 607 nm beam was generated using a broadband dye laser with a
bandwidth of approximately 50 nm. The DPVCARS signal was generated at 496 nm. The
energy of the input beams was adjusted according to the measurement location in order to
avoid saturation and Stark effects [103] while acquiring signals with sufficient signal to
noise ratio (SNR). The 532 nm, 561 nm, and 607 nm beams contained approximately 20
mJ/pulse, 20 mJ/pulse, and 30 mJ/pulse of energy respectively, and the diameter of all the
beams, prior to the focusing lens defining the probe volume, was approximately 8 mm.
The CARS system had a spatial resolution of 150 µm x 1.5 mm and a temporal resolution
of 6 ns. The spatial resolution is defined as the full width half maximum (FWHM) of the
non-resonant signal obtained by scanning a very thin coverslip along the direction of the
propagation of the laser beams. At each spatial location in the flame, 1000 single shots
were collected to generate sufficient data for studying temperature statistics and
correlations between species concentrations and temperature.
5.1.2. CARS data processing
The temperature was determined as a fitting parameter in a least squares fitting of
calculated to experimental single-shot CARS spectra using the CARSFT [104, 105] code.
The single-shot precision of the temperature measurement was assessed in laminar flames
on a Hencken burner [106]. The single-shot precision was 2% near 2000K, about 5% near
1000 K, and about 8% at room temperature. The single-shot O2 spectra were fit using the
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model employed by Hancock et al. [55]. That model has been found to overestimate O2
concentration at higher temperatures [55]. This overestimation was attributed to the
inaccurate modeling of Raman linewidths for higher-J Q branch rotational lines. The CO2
spectra were fit using the CARS model employed by Lucht et al. [61]. The accuracy of
this model has been assessed, in Hencken burner flames, to be about 10%.
Two representative experimental single shot spectra recorded at r/D=0 and x/D=5.17 above
the PARAT burner exit are shown in Figure 5.1. The parameter r is the distance from
nozzle centerline, and the parameter x is the distance from the nozzle exit plane. The lowertemperature spectrum shows clearly distinguishable CO2, N2, and O2 peaks. Excellent fits
of the single-shot nitrogen spectra to the theoretical spectra were observed. In the hightemperature spectrum, both fundamental and hot bands of N2 are visible. However, at high
temperatures (>1800 K), O2 and CO2 lines were difficult to quantify due to a low signal to
noise ratio. Besides the low signal to noise ratio, the spatial averaging effect also influences
the quality of the fit. Good quality fits were always observed for N2 spectra. However, O2
and CO2 spectra did not always fit well due to spatial averaging effects and due to poor
SNR at higher temperatures. Therefore, PDFs of O2 and CO2 were not constructed. Singleshot based correlations between O2/CO2 concentrations and temperatures are plotted for
spectra where acceptable fits and compared with corresponding values from flame theory.
A quantitative analysis of the spatial averaging effect is out of the scope of this work.
Qualitatively, however, we do not expect a strong influence of spatial averaging on
measurements outside the flame brush. Hence, the measured peak flame temperatures for
all the flames are expected to be accurate to within 2%. Inside the flame brush, due to
stronger temperature and concentration gradients, the measured temperatures have a more
significant uncertainty. The presence of intermediate temperatures within the temperature
PDFs at locations inside the flame brush can be partly attributed to both finite flame
thickness and the spatial averaging effects.
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Figure 5.1. Dual-pump vibrational CARS single shot spectra in flame 1 recorded at
r/D=0.0 and x/D=5.17 above the burner exit.
Results and Discussion
5.2.1. Temperature
The measured values of the mean and RMS temperature as a function of the distance along
the centerline axis are plotted in Figure 5.2. The mean temperature along the axis remains
constant (within 5 K) and equal to the reactant temperature for the initial ~1.4 diameters
for the flames with 0%, 5%, and 10% CO2 addition. The temperature remains almost
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constant due to the lack of diffusion and chemical reactions within the potential core region
of the jet. The lengths of the potential cores of the three flames are identical within
uncertainty because of the identical Reynolds number and mixture properties. The RMS
of the temperature distribution also remains constant at around 80 K. The low RMS of
temperature fluctuations observed inside the unburned reactant region is due to the lack of
mixing between the reactants and the products. Downstream of this region, the mean
temperatures of all three flames increase. The RMS temperature fluctuations initially
increase with axial distance to a maximum and then decrease to a minimum as the location
of the maximum mean temperature is approached. The variations in RMS fluctuations
result from the evolution in probabilities of finding reactants and products. In the postflame region, the RMS temperature fluctuations increase with decreasing mean
temperature because of the buoyant mixing of the combustion products and the ambient
air. The mean flame length (defined as the distance from burner exit to the location of the
maximum mean temperature) was found to increase with an increase in CO2 dilution.
The mean and RMS temperatures for flames 1, 2, and 3, as a function of the radial distance
(r/D) at axial locations of x/D=1.94 and 5, are shown in Figure 5.3. At the axial location
of x/D=1.94, which is closer to the burner exit, a cold core and an annular region consisting
of an increase to the flame temperature peak and then a decrease as a result of mixing with
the surrounding air are observed in the mean temperature plots for both flames. Lower
mean temperatures are observed for the flame with 10% CO2 addition at the same radial
locations. At x/D=5, the mean temperature profile of the flame near the center, with 0%
CO2 addition, shows a temperature close to that of the burned products. The temperature
decreases along the radial direction indicative of a mixing process between the combustion
products and ambient air. However, the mean temperature profile of the flame with 10%
CO2 addition has a local minimum near the axis which indicates the presence of unburned
reactants and a longer flame length along the axial direction.
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Figure 5.2. Mean temperature (solid symbols) and RMS temperature fluctuation (empty
symbols) values along the burner centerline for turbulent premixed flames with CO2
addition of 0%, 5%, and 10%. (Repeated experimental results are shown in green
symbols). Mean and RMS fluctuation values are computed from 1000 single shots.
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Figure 5.3. Mean temperature (solid symbols) and RMS temperature fluctuation (empty
symbols) values along the radial direction for turbulent premixed flames with CO2
addition of 0% and 10%. Mean and RMS fluctuation values are computed from 1000
single shots. Dashed lines indicate the burner centerline.

The mean temperatures were used to calculate the mean progress variable, defined as

c

T -Tmin
Tmax -Tmin

(5.1)

The mean progress variable is plotted as a function of a non-dimensional distance ξ, defined
in the following, in Figure 5.4. The mean flame brush thickness,  T , was determined using
the maximum gradient method [14] shown in Section 2. The maximum gradient was
calculated at the data points closest to c  0.5 . The error caused by a limited number of
measurements, especially for the radial measurements where fewer data points were
collected, is expected to be about 10%. An analysis of the mean flame brush thickness is
not only crucial for numerical model validation but is also meaningful for turbulent
combustion regime characterization. In the literature, several measured spatial profiles of
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progress variable, presented as a function of the dimensionless variable  , show a collapse
to a universal curve for a wide range of conditions [20]. The dimensionless distances  are
defined as



x(c )  x(c  0.5)

T

(5.2)

along the centerline and



r (c )  r (c  0.5)

T

(5.3)

along the radial direction. A solid curve calculated using the complementary error function
parameterization as



c  0.5erfc  



(5.4)

is also plotted for comparison in Figure 5.4. The parameters used for calculating the
dimensionless distance  are shown in Table 6.1. Lipatnikov [107] examined the
universality of mean flame brush structure using the complementary error function
expression for Cmean above for several undiluted turbulent premixed flames. Another
parameterized form
c

1
1  exp(4 )

(5.5)

has also been used by other researchers [21, 22]. The two curves are close to each other
for the present conditions, and therefore the complementary error function is shown in
Figure 5.4. We notice that the parameterized function matches well for the flame without
CO2 addition. However, deviations are observed for flames with 5% and 10% CO2
additions. The solid curve matches the experimental data at lower values of the mean
progress variable ( c  0.6 ) but the data points fall below the solid curve for c  0.6 . For
c  0.6, the mean progress variable profiles of the flames with different levels of CO2

addition match with each other. Figure 5.4 also shows self-similarity of c profiles [107].
The spatial profiles of the mean progress variable along the centerline and along the radial
direction are similar.
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Figure 5.4. Mean progress variable variance along the flame centerline and along a radius
at x/D=1.94 for flames with different levels of CO2 addition.

The global consumption speed is another important characteristic of premixed turbulent
combustion. The global consumption speed was estimated using the mean progress
variable profiles along the burner centerline derived from temperature measurements. The
evaluation of global consumption speed is sensitive to the selection of reference surface
defined as a surface of constant c [13]. The angle method [21, 108] was used for
evaluating the turbulent burning velocity. The turbulent burning velocity is written as:
ST 

U2
1   2 x(c  0.2) / D 

2

(5.6)

where U is the bulk velocity of unburned reactants. The presumed cone shape of the c
contour requires the reference surface to be closer to the reactant side in order to reduce
the error caused by the roundish shape of constant c contour as shown in references [21,
108]. On the other hand, the reference c value needs to be selected with small curvature
on the spatial profile to minimize the interpolation errors. Therefore, c =0.2 was chosen
to determine the turbulent burning velocity as an example (similar trends were obtained by
using c =0.3, 0.4, and 0.5).

Figure 5.5 shows the global consumption speed and

combustion intensity (defined as global consumption speed normalized by unstretched
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laminar flame speed, SL [21]) as a function of urms / SL . A parameterized function [20] is
plotted to fit the measured combustion intensities.

The turbulent burning velocity

decreases with CO2 addition while the combustion intensity increases with CO2 addition.
The latter observation agrees with the measurements of Cohe et al. [21]. A nonlinear
dependence of ST on SL is shown in the bending region of the fitted curve. Shy et al. [109]
reported that the bending effect promoted by CO2 addition in rich turbulent premixed
flames is due to the radiative heat loss.

Figure 5.5. Combustion intensity for flames with 0%, 5%, and 10% CO2 addition.

RMS temperature fluctuation values are plotted as a function of the mean temperature in
Figure 5.6. The RMS of a purely wrinkled flame (zero instantaneous flame thickness) is
shown as a curve for comparison. The RMS for a purely wrinkled flame can be expressed
as
TRMS = (Tmax -T)(T -Tmin )

(5.7)

where Tmax is the adiabatic flame temperature, and Tmin is the unburned reactant temperature
[49]. Similar methods were employed by Driscoll and Gulati [110] who used RMS density
fluctuation values and Chen and Bilger [111] who used RMS progress variable fluctuation
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values to compare measurements with the thin flame limits. The RMS temperature
fluctuation values for all three flames show similar deviation from the value estimated from
the purely wrinkled flame theory. The deviation remains consistent when moving either
along the axial or the radial direction. The length of the CARS probe volume being greater
than the instantaneous flame thickness contributes to a part of the deviation from the thin
flame limit. The RMS temperature fluctuation values, as shown in Figure 5.6, are probably
less than the actual value within the flame brush region. The deviations of the RMS profile
result from both spatial averaging effects and the finite thickness of the instantaneous
flames. However, the influence of a larger laminar flame thermal thickness resulting from
the CO2 addition, as shown in Table 3.1, is not evident from Figure 5.6.

Figure 5.6. Comparison of RMS temperature fluctuation values as a function of mean
temperature from a purely wrinkled flame theory (line) with CARS temperature
measurements (symbols) in the flames in this study. (R) in parentheses for two of the
flames indicate data from repeated experiments.

Probability density functions (PDFs) of temperature from flame 1, flame 2, and flame 3 at
different axial locations along the centerline are presented in Figure 5.7. These PDFs show
an evolution of temperature statistics from those for the unburned reactants to those within
the flame brush, those for burned products, and finally for the cooled and diluted products
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when mixed with ambient air. The shape of the PDF for flame 1 in Figure 5.7 in the bottom
panel indicates a substantial probability of finding unburned reactants. As the flow moves
further downstream to the flame brush (x/D=3.11), the shape of the PDF switches to a
bimodal distribution. This distribution indicates a significant probability of finding both
unburned reactants and burned products due to the fluctuations in the location of the
reaction zone. Furthermore, a finite probability of intermediate temperatures is found in
this distribution otherwise dominated by the bimodal values of reactant and product
temperatures.

These intermediate temperatures are most likely to result from the

measurements of both cold and hot gases inside the probe volume considering the
instantaneous flame thickness to be less than the probe volume size. At x/D=3.67, the PDF
presents a Gaussian-like distribution centered at the mean burned product temperature with
finite probabilities of low and intermediate temperatures. Closest to the location (x/D=5.17)
of the burned products, the shape of the PDF shows a clipped Gaussian- distribution
centered at the mean adiabatic product temperature. The width of the PDF is due to both
turbulent combustion and the single-shot precision of the CARS system. Beyond the flame
tip at x/D=7.39, the PDF of temperature shows a high probability of intermediate
temperatures mainly resulting from the mixing of the combustion products with the
ambient air. The general trends observed for flame 1 are also observed for flame 2 and
flame 3. However, the evolution of the PDFs is spatially delayed due to the presence of
CO2 in the fuel stream.
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Figure 5.7. Temperature PDFs along the burner centerline of flame 1 (left), flame 2
(middle), and flame 3 (right).

The PDFs of temperature for flame 1 and flame 3 at four representative radial locations are
shown in Figure 5.8. The progression of the shapes of the PDFs in the radial direction is
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similar to their progression in the axial direction. The PDFs for flame 1 and flame 3 at the
same radial locations show some differences. At r/D=0.28, the PDF for flame 1 shows that
there is a finite probability of finding products while the PDF for flame 3 shows mostly
unburned reactants. At r/D=0.5, the PDF of flame 1 resembles a Gaussian distribution
centered at the mean product temperature, but that of flame 3 is bimodal. The spatial delay
in flame development of flame 3 due to CO2 addition leads to this behavior. At r/D=0.72,
PDFs for both flame 1 and flame 3 show broadened clipped Gaussian distributions with a
shorter tail, compared to that at r/D=0.5, on the reactant temperature side. At r/D=0.94,
the PDF of temperatures spreads between ambient and ~2100 K for flame 1 while that for
flame 3 spreads between ambient and ~1800K. This behavior results from a faster cooling
process of combustion products by the ambient air for flame 3 compared to flame 1. The
radial flux of products generated by flame 3 (with slower local burning velocity) is lower
than that generated by flame 1 resulting in the PDFs described above.
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Figure 5.8. Temperature PDFs along the radial direction in flame 1 (left) and flame 3
(right).

5.2.2. CO2 and O2 concentrations
The relationships between measured temperatures and CO2 and O2 concentrations are
examined in Figure 5.9 and Figure 5.10 respectively.

CO2 and O2 concentrations,

calculated using the Bray-Moss-Libby (BML) model [112] and assuming an adiabatic
mixing process are compared with the experimental data. Figure 5.9 shows three
representative panels inside the flame brush, near the peak mean temperature, and in the
post-flame mixing region. Most CO2 data at the highest temperatures (>1800K) are not
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plotted because of low SNR.

At x/D=3.11, the CO2 measurements at intermediate

temperature are mostly filtered out according to the inadequate fit quality criteria due to
the spatial averaging effects. The spatial averaging effects as observed in the spectra are
especially pronounced for CO2 due to its strong 0000-1000 transition (overlapping Qbranch lines in transition). Therefore, at x/D=3.11, only low-temperature data are shown.
At x/D=5.17 only 13 data points satisfied the fit quality criteria because the temperature is
above 1800 K for the rest of the data points. At x/D=7.39, many more scatter points are
observed compared with the data from the lower axial positions discussed above. Because
half of the temperature data were under 1800 K and these measurements are located in the
region where the intermediate temperatures mostly result from the mixing of hot products
and ambient air. The measurements in the post-flame region agree with the theoretical
values to within 10%, which is approximately the precision of the measurements based on
the literature [61, 113].
Figure 5.10 shows the correlation between the measurements of temperature and O2
concentration. The same screening methods applied to CO2 data were also used for the O2
measurements. At x/D=3.11, O2 concentrations are shown mostly at low and intermediate
temperatures. The O2 concentrations at lower temperature show a good match with the
CHEMKIN calculations.

At this location, more O2 data points were obtained in

comparison with the CO2 data points because of the lower sensitivity of O2 to the spatial
averaging effects. At x/D=5.17, very few O2 concentration data points could be shown
because the concentrations are deficient in most pockets with high temperatures (>1800 K).
At x/D=7.39, good fits were obtained to the spectra with minimal spatial averaging effects.
Therefore, most of the data points under 1800 K are plotted. With increasing temperatures
increasing discrepancies between the experimental results and the CHEMKIN calculations
are observed. This is probably due to the inaccuracy of the CARS O2 model because of
the uncertainty in the Raman linewidths for high-J Q-branch transitions. The data for O2
concentrations in flames 2 and 3 were found to be very similar, overall, to those for flame
1.
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Figure 5.9. Correlation plots for single-shot measurements of temperature and CO2 mole
fraction for flame 1.
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Figure 5.10. Correlation plots for single-shot measurements of temperature and O2 mole
fraction for flame 1.
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6. HIGH REPETITION RATE OH-PLIF MEASUREMENTS

Experimental Methods
A high-data-rate laser-imaging system [114] was employed for OH PLIF measurements.
The laser system consists of a frequency-doubled Edgewave Nd: YVO4 solid-state laser
and a Sirah Credo dye laser. The Nd: YVO4 laser was operated at 532 nm with a pulse
duration about 6 ns (FWHM), and the dye laser was pumped by the laser beam emitted
from the Nd: YVO4 laser. The laser beam at a wavelength about 566.6 nm emitted out of
the dye laser was frequency doubled to 283.3 nm to excite the Q1(7) (1, 0) transition in the
A2Σ-X2Π electronic system of OH radical. The laser pulse energy of the OH excitation
beam was about 0.1 mJ/pulse, corresponding to an average power of 0.9 W. The thickness
of laser sheet for OH measurements was about 100 μm.
The imaging system consisted of a Vision Research Phantom v7.3 high-speed camera, a
LaVision High-speed IRO intensifier, and a UV-grade lens with an f-number of 4.5. The
camera system was positioned perpendicular to the direction of the laser propagation and
the plane of the laser sheet. A Semrock interference filter (FF01-320/40-25) with a
transmission of 74% at 310 nm was used to selectively transmit the OH fluorescence and
block the scattered laser radiation at 283 nm. The high-speed camera was operated at 9000
frames per second (fps) with a window size of 640×320 pixel2. The imaging region was set
to 24×18 mm2, with each pixel corresponding to 38 μm. The signal to noise ratio for the
OH PLIF measurements was about 12, which was determined by obtaining a ratio of the
averaged fluorescence intensity and averaged non-fluorescence intensity on all pixels.
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Figure 6.1. A schematic of the planar laser-induced fluorescence to measure OH radial
concentrations.
Results and Discussion
6.2.1. Experimental observations
Figure 6.2 shows instantaneous OH-PLIF images of turbulent premixed flames with CO2
addition listed in Table 3.1. Each image consists 9 panels. These panels are temporally
independent but spatially correlated. Each panel has a 15% overlap with an adjacent panel
along the axial axis of the burner centerline. The areas within the blue to red color range in
the images indicate combustion products with finite concentrations of the OH radical, while
the purple areas show unburned reactants with no detectable OH radical. The brightness of
each pixel shows the OH fluorescence intensity received by the camera. The maximum OH
fluorescence intensity was found to decrease with CO2 addition due to a decrease in OH
concentration in the CO2 diluted flames. It was observed that the flames with CO2 addition
showed a longer flame length with many intermittent unburned reactant regions and
pockets inside the flame brush. As CO2 addition increases, the spatial distribution of these
intermittent regions and pockets is extended further downstream along the axial direction
of the burner centerline. Figure 6.3 shows typical time sequences of the flame structure
observed at representative locations of flame 1. Similar phenomena were also observed in
flames 2 and 3. In the upstream region of the flames, the continuous shape of the flame
front is observed as shown in Figure 6.3 (a) and (b). The continuous flame front is wrinkled
by turbulent flow eddies of various scales. Mass and heat transfer, enhanced by turbulence,
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generates both in-plane and out-of-plane motion of reactants and products. The out-ofplane motion of combustion products as observed in Figure 6.3 (a) ignites the in-plane
unburned reactants forming a burned pocket. The formation of burned pocket controlled
by turbulent fluctuation enlarges the in-plane flame surface area, which consequently
enhances the local consumption speed. The in-plane motion of combustion products
connects two wrinkled flame fronts forming an unburned pocket as shown in Figure 6.3
(b). The burnout of reactant pockets subsequently reduces the consumption speed by
decreasing the flame surface area [14]. In the flame tip region as shown in Figure 6.3 (c),
the continuous shape of the main jet flame has been replaced by many fine scale unburned
pockets, which was also observed by other researchers in turbulent premixed jet flames
[115]. The large unburned reactant pocket observed in Figure 6.3 (c) breaks down into two
small pockets as the interaction of two flame fronts. The breakdown process of large
unburned pocket increases the flame surface area, which accelerates the reactant
consumption speed.
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(a)

(b)

(c)

Figure 6.2. Instantaneous OH images of flames with (a) 0%, (b) 5%, and (c) 10% CO2
addition. Each image consists of 9 panels which are spatially correlated but not
temporally correlated. Each panel has a 15% overlap in the axial axis of the burner
centerline with adjacent panels.
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(a) Burned product pocket formation process

(b) Unburned reactant pocket formation process

(c) Unburned reactant pocket breakdown process
Figure 6.3. Example of sequential OH PLIF images with highlights showing (a) burned
product pocket formation process, (b) unburned reactant pocket formation process, and
(c) unburned reactant pocket breakdown process. The symbols t0, t1, and t2 are arbitrary
time instances during the measurements. The image sequences (a) and (b) are shown in
every other image in the time sequence.

6.2.2. Turbulent flame brush
The OH PLIF images were binarized after background removal and laser non-uniformity
correction, assigning pixel values to 0 for unburned reactants and 1 for burned products.
The binarized pixel value represents the instantaneous reaction progress variable c with
the thin flame front assumption [112]. The profiles of mean progress variable c were
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calculated based on ensemble averages of 1000 instantaneous OH PLIF images. The c
values represent the probability of finding the burned products at a given location within
the flame brush. The c profiles of flames with 0%, 5%, and 10% CO2 addition plotted as
a function of distance along the burner centerline with reduced spatial resolution are shown
in Figure 6.4. These profiles are compared with those from previous temperature
measurements using CARS [116]. These c values from OH PLIF measurements were
fitted using the complementary error function [20]



c ( )  0.5erfc  



(6.1)

where the dimensionless distance  is defined as



x  xc 0.5

T . x

(6.2)

The values of fit parameters xc 0.5 and  T , x shown in Table 6.1 are close to those reported
in the past CARS measurements for these flames [116]. The discrepancies of mean
progress variable profiles based on temperature measurements for flames with CO2
addition are not observed in PLIF measurements. It is most likely caused by the spatial
averaging effect of CARS measurements in CO2 diluted flames. The mean progress
variables plotted along the radial direction at representative axial locations from x/D=0.25
to 1.5 are shown in Figure 6.5. Beyond x/D=1.5, measurements were buried inside the
flame brush and thus were not applicable for radial flame brush thickness calculation using
Equation (6.1). At x/D=0.25, a rapid increase in mean progress variable is observed for all
three flames because of the heat release from hydrogen pilot flames. The radial c profiles
measured further downstream of a flame are close to each other showing a gradual increase
of mean flame brush thickness along the axial direction. This increase is predominately
due to the development of the flame front towards the burner centerline, with a minimum
spatial variation of c  1 surfaces. The values of mean flame brush thickness along the
radial direction listed in Table 6.1 were acquired by fitting Equation (6.1), where the
dimensionless distances  are defined as



r  rc 0.5

 T .r

(6.3)
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The development of the mean flame brush thickness along the radial direction was plotted
in Figure 6.6 as a function of axial distance. The scattered data were fitted by a function
based on the Taylor turbulent diffusion theory [13, 20] as

T ,r    2urms l 

1/2


l
1 
 urms


  urms
1  exp   l



1/2

 
 
 

(6.4)

where  is a fitting constant, urms is the velocity RMS fluctuation values, l is the integral
length scale, and  is the flame development time. The flame development time is defined
as



x
U

(6.5)

where x is the axial distance from the burner exit and U is the bulk velocity. The
measurements display reasonable agreement with Equation (6.4) with different  values
of 1.5, 1.4, and 1.3 for flames 1, 2, and 3 respectively. This result suggests that the
development of mean flame brush thickness of turbulent premixed flames is controlled by
turbulent diffusion law with differences introduced by CO2 addition. The effect of CO2
addition on mean flame brush thickness is possibly due to an alteration caused by heat
release rate, which was not considered in the Taylor turbulent diffusion theory.
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Figure 6.4. Mean progress variable profiles along the burner centerline for flames with
0%, 5%, and 10% CO2 addition computed based on ensemble averages of 1000
instantaneous OH PLIF images.
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Figure 6.5. Mean progress variable profiles along the radial direction at representative
axial locations for flames with 0%, 5%, and 10% CO2 addition computed based on
ensemble averages of 1000 instantaneous OH PLIF images.

Figure 6.6. Mean flame brush thickness at representative axial locations for flames with
0%, 5%, and 10% CO2 addition. The experimental data are fitted by functions based on
Taylor turbulent diffusion theory shown as solid lines.
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Table 6.1. Parameters for dimensionless distance calculation.
Flame brush
location
r/D=0

x/D=0.25
(r>0)
x/D=0.5
(r>0)
x/D=0.75
(r>0)
x/D=1.0
(r>0)
x/D=1.25
(r>0)
x/D=1.5
(r>0)

0% CO2

5% CO2

10% CO2

x/Dc=0.5

 T , x /D

x/Dc=0.5

 T , x /D

x/Dc=0.5

 T , x /D

2.9

1.4

3.5

2.2

3.9

2.5

r/Dc=0.5

 T ,r /D

r/Dc=0.5

 T ,r /D

r/Dc=0.5

 T ,r /D

0.52

0.08

0.54

0.05

0.53

0.05

0.49

0.12

0.52

0.11

0.50

0.09

0.48

0.17

0.48

0.17

0.50

0.15

0.42

0.24

0.44

0.21

0.45

0.19

0.39

0.29

0.42

0.25

0.44

0.23

0.36

0.32

0.41

0.29

0.41

0.28

6.2.3. Flame surface density
The OH-PLIF measurements also allow for estimation of the flame surface density 
using the method explained in [28]. The 2D approximation discussed in Section 2 was
applied. A schematic of mean flame surface density calculation procedure is shown in
Figure 6.7. Each OH-PLIF image was binarized. An edge detection method embedded in
the Matlab program was employed to mark instantaneous “flame fronts”. The “flame front”
highlighted using this method has a uniform finite thickness, which was determined by the
Matlab program instead of combustion physics. The pixel values of the flame front layer
were set to unity, while all other pixels were assigned a value of zero. At each region of
interest, an interrogation box of size 0.38 × 0.38 mm2 (10 × 10 pixel2) was chosen to
calculate local flame surface density  . The perimeter of the “flame front” in the box was
determined using the average area of the unity-value pixels within the box, divided by the
average thickness of the “flame front” at that location. The selection of box size was found
to have a negligible effect on  calculation [28]. The mean values of  for the interested
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regions were calculated based on all local  values of each interrogation box within the
interested regions of 1000 images. The mean flame surface density at representative axial
regions before x/D= 3.6 as a function of mean progress variable is shown in Figure 6.8.
Each region covers a radial range from r/D=–0.67 to 0.67 and an axial range as shown in
each panel. Upstream of x/D=1.87, all three flames were plotted, in c space, between 0 to
1. However, as the measurement moves further downstream, the data in c space reduces
on the reactant side corresponding to the flame brush development of each flame,
consequently leading to fewer scattered data plotted. The Figure 6.8 shows that the mean
flame surface density curves are quasi-symmetric in the mean progress variable space. A
significantly higher maximum value of mean flame surface density  max is observed in the
top left panel due to an interference with the H2 pilot flame. The effect of H2 pilot flame
decreases as observed in regions between x/D=0.5 and 1. All other panels show a nearly
constant  max about 0.4 mm-1 with a less than 10% reduction between x/D=1 and 3.6. The
CO2 addition rate shows the negligible effect on the mean flame surface density in the
upstream of flame development region before x/D=3.6. The mean values of flame surface
density at representative axial regions after x/D= 3.6 as a function of the central axial
location of each region are shown in Figure 6.9. Each region covers the radial range from
r/D=–0.67 to 0.67 and axial range of Δx/D=1. A significant drop in the mean flame surface
density along the axial direction is observed for all three flames. This is because reactant
pockets are gradually burned out while traveling towards downstream. Larger mean surface
density is shown in flames with CO2 addition due to a broader spatial distribution of
unburned reactant pockets along the downstream of the flame as shown in Figure 6.2.
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Figure 6.7. A schematic of the procedure for mean flame surface density calculation.

64

Figure 6.8. Mean flame surface density values at representative regions for turbulent
premixed flames with the CO2 addition of 0%, 5%, and 10%. Each region covers a radial
range from r/D=–0.67 to 0.67 and an axial range as shown in each panel. The mean and
RMS fluctuation values are computed from 1000 images.
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Figure 6.9. Mean flame surface density at representative regions for turbulent premixed
flames with CO2 addition of 0%, 5%, and 10%. The mean and RMS fluctuation values
are plotted as a function of the central axial location of each region. Each region covers a
radial range from r/D=–0.67 to 0.67 and an axial range of Δx/D=1. The mean and RMS
fluctuation values are computed from 1000 images.

6.2.4. Consumption of fine-scale unburned pockets
The fine-scale unburned pockets beyond x/D=3.6 were identified to investigate the effect
of CO2 addition on unburned reactant pocket formation and consumption in the
downstream side of the flames. The unburned pockets of interest were surrounded by
burned regions and did not break down into smaller pockets in the time sequence analyzed.
The mechanism of the fine scale formation is shown in Figure 6.3. The cross-sectional
areas of the detected unburned pockets were recorded, and their changes within
measurement temporal resolution were calculated. The criteria were applied to 1000
sequential OH PLIF images, and approximately 400, 500, and 600 unburned pockets were
detected for flames 1, 2 and 3 respectively. Equivalent radii Re of the unburned pocket
were calculated by treating these pockets as circles with an equivalent area. Probability
density function (PDF) of the radii of the unburned pockets for the flames are shown in
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Figure 6.10. The PDFs of all three flames show minimum difference caused by CO2
addition. The expected radius of the small-scale unburned pockets for all three flames is
approximately 0.5 mm, which is close to the integral length scale of these flames. This is
probably because the primary cause of the formation of the fine scale unburned pockets is
the fine-scale eddies in turbulence whose sizes do not alter significantly among three
flames with identical Reynolds number [117]. The local consumption speed of the
unburned reactant can be estimated from the evolution of each pocket in the consecutive
image sequence. In this study, the local consumption speed of unburned pockets was
evaluated as
ST , LCP 

Aup
2 Re t

(6.6)

where Aup is the change of unburned pocket area and t is the time interval between two
images. This estimation method generates errors for non-spherical geometries as discussed
in [77] and out-of-plane motion of pocket driven by local flow field. Quantifying these
errors requires knowledge of the 3D geometry information of each pocket and local flow
field, which is beyond the scope of our 2D measurements. The PDF of local consumption
speed of unburned pocket is shown in Figure 6.11. The most expected consumption speed
with maximum PDF is about 1.3 m/s for all three flames which is much higher than their
unstretched laminar flame speeds. The difference in unstretched laminar flame speed
introduced by CO2 addition is not significant in fine scale unburned pocket consumption
speed. Figure 6.12 shows a representative correlation plot between unburned reactant
pocket size and its consumption speed of flame 1. Similar correlations were observed for
flames 2 and 3. This plot shows a weak dependence of the consumption speed on pocket
size. A similar correlation was also observed by Johchi et al. [77]. The slight increase in
consumption rate for smaller unburned pockets is possibly caused by an increase of surface
to volume ratio as well as the heat transfer to unburned reactants through conduction or
radiation from products [77].
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Figure 6.10. The PDF of fine-scale unburned reactant pocket equivalent radius from
turbulent premixed flames with 0%, 5%, and 10% CO2 addition.

68

Figure 6.11. The PDF of local consumption speed calculated with unburned reactant
pocket from turbulent premixed flames with 0%, 5%, and 10% CO2 addition.
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Figure 6.12. Representative correlations between reactant pocket size and its
consumption speed from flame 1.

6.2.5. Turbulent burning velocity
The global consumption speed ST ,GC was evaluated through the mean progress variable
contours of c  0.2 using Equation (2.4) for comparison with our previous measurements
[116]. The values of ST ,GC and

ST ,GC
SL0

are plotted as a function of

u'
as shown in Figure
SL0

6.13. Both the angle method and the area method were employed to estimate the ST ,GC
values [30, 116]. Both methods lead to similar results with less than 5% difference between
them. Figure 14 shows that the global consumption speed decreases with CO2 addition
while its ratio respect to unstretched laminar flame speed

ST ,GC
SL0

increases slightly. The

effects of CO2 addition on the global consumption speed show agreements with our
previous study based on CARS temperature measurements [116].
The local consumption speed ST , LC was first evaluated using Equation (2.9), which does
not account for the flame surface area of unburned and burned pockets. This method was
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not employed in the downstream area after x/D=2.5 because the flame surface area of
pockets was much more significant. The interrogation region chosen covers a radial range
from r/D=–0.67 to 0.67 and an axial range of Δx/D=0.25. Within each interrogation region,
the value of AT was calculated using an in-house length computing code following the
image processing procedure as shown in Figure 6.7. The value of AL was computed as the
length of c  0.5 contour based on 1000 images within the interrogation region. The mean
and RMS fluctuation values of ST , LC were calculated based on 1000 OH PLIF images. The
ratio of local consumption speed and laminar flame speed

ST , LC
SL0

for representative regions

are plotted in Figure 6.14. We notice that the mean and RMS fluctuation values of

ST , LC
SL0

increase gradually before x/D=1.5 and remain constant after that for all three flames. The
CO2 addition places a minimum effect on the value of

ST , LC
SL0

with a reduction in mean

flame brush thickness as shown in Figure 6.14. This is probably because CO2 addition
reduces the spatial distribution of wrinkled instantaneous flame front but increases local
wrinkles to maintain the same values of

AT
.
AL

An alternative estimation of local consumption speed was using Equation (2.10). This
method was applied to the flame brush development area before x/D=1.5. The values of

 T at the representative axial locations were adopted from the previous section. The values
of  max at those locations were interpolated from spatially averaged values calculated using
the aforementioned method. The mean and RMS fluctuation values of

Figure 6.14. The mean value of

ST , LC
SL0

ST , LC
SL0

are shown in

increases along the axial direction before x/D=1.5,

which shows an agreement with our first method. However, the mean value of

ST , LC
SL0

calculated with pockets are higher than those without pockets. The discrepancy between
these two methods increases along the axial direction, which suggests an increased
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probability of finding unburned or burned pockets with increasing of x/D. The discrepancy
between these two methods also decreases with CO2 addition shows a reduced contribution
of the flame surface area from the pocket formation for the flames with CO2 addition before
x/D=1.5.

Figure 6.13. The global consumption speed ST ,GC and its ratio respect to laminar flame
S
speed T ,GC estimated from PLIF measurements of turbulent premixed flames with 0%,
SL0
5%, and 10% CO2 addition. The results are compared against calculations based on
previous CARS measurements
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Figure 6.14. The mean and RMS fluctuation values of

ST ,GC

for turbulent premixed
SL0
flame with 0%, 5%, and 10% CO2 addition estimated using two methods: 1)
ST , LC
S
A
 I 0 T without considering the contribution of pockets, and 2) T , LC  I 0maxT
SL0
AL
SL0
with all flamelet in consideration.
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7. HIGH REPETITION RATE CH-PLIF MEASUREMENTS

Experimental Methods
A high-data-rate laser-imaging system [114] was employed for CH PLIF measurements.
The laser system consists of a frequency-doubled Edgewave Nd: YVO4 solid-state laser
and a Sirah Credo dye laser. The Nd: YVO4 laser was operated at 532 nm with a pulse
duration about 6 ns (FWHM), and the dye laser was pumped by the laser beam emitted
from the Nd: YVO4 laser. The dye laser was tuned to excite CH via the C2Σ+-X2Π
( v '  0, v ''  0 ) band [98], which has transitions in the wavelength around 314 nm. The
laser frequency was tuned to 6.6 kHz. The maximum pulse energy of the CH excitation
beam about 0.1 mJ/pulse. The thickness of laser sheet for CH PLIF measurements was
about 100 μm.
The imaging system consisted of a Vision Research Phantom v7.3 high-speed camera, a
LaVision High-speed IRO intensifier, and a UV-grade lens with an f-number of 4.5. The
camera system was positioned perpendicular to the direction of the laser propagation and
the plane of the laser sheet. The CH fluorescence signal was detected at wavelengths
identical to those for excitation; no filter was employed. The camera was operated at 6600
fps with a window size of 800×600 pixel2. The imaging region was set to 30×23 mm2, with
each pixel corresponding to 38 μm. The signal to noise ratio for the CH PLIF measurements
was about 4, which was determined by obtaining a ratio of the averaged fluorescence
intensity and averaged non-fluorescence intensity on all pixels.

Results and Discussion
7.2.1. Simultaneous CH C-X (0,0) band and OH A-X (0,0) band images
We explored the possibility of simultaneous OH and CH PLIF imaging with our laser
system using the CH C-X (0,0) band and the OH A-X (0,0) band. Transitions in these bands
are accessible, conveniently, using frequency doubled 628 nm output using DCM dye [98,
118]. These measurements were performed, first, to assess the signal to noise ratio and
interference between CH and OH images at various excitation wavelengths and then to
apply this system for investigating premixed CH4/air combustion.
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The CH PLIF excitation scan was performed on flame 9, a rich premixed turbulent flame
with an equivalence ratio of 1.4 to understand the potential interference with OH A-X band.
A laser wavelength scan was conducted from 314.35 nm to 314.40 nm for a defined region
of interest (ROI). The laser was calibrated using a wavemeter from High Finesse (WS/6;
S/No 0333). A spectrum over the wavelength range (respect to air) was simulated using
LIFBASE [119] as shown in Figure 7.1. The resolution of the simulation was about 0.3
cm-1 considering only instrumental and Doppler broadening. We noticed that the CH
fluorescence signal increased from 314.355 nm to 314.372 nm where interference between
CH C-X (0,0) band and OH A-X (0,0) band started was observed. At 314.377 nm, the CH
fluorescence generated by Q2(19) and Q1(11) was weaker than that from Q1(19) and Q2(11),
but its interference with OH A-X band was stronger. At this wavelength, we were able to
capture both CH and OH signal which can be distinguished by local signal strength. The
intermittent OH signal was present because of low laser energy and non-uniformity in laser
sheet. At 314.38 nm, the CH C-X (0,0) Q2(10) transition was overlapped with OH A-X
(0,0) P1(12) transition. The CH signal was buried by a much stronger OH fluorescence
signal, which depends on both the line strength and local in-plane concentration. The
interference was not observed at 314.388 nm and 314.396 nm. The spectral scan indicates
the possibility of simultaneous OH and CH PLIF is the system energy could be improved
by a factor of 2-3. In this paper, we choose laser wavelength of 314.355 nm to obtain CH
PLIF images.
7.2.2. Effects of equivalence ratio on signal intensity
An equivalence ratio scan was also performed with a laser wavelength of 314.355 nm at a
defined ROI. The equivalence ratio of turbulent premixed flames was varied from 0.9 to
1.6 as shown in
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. Mean fluorescence signal was calculated for each image at different equivalence ratio by
performing an ensemble average on all nonzero-value pixels after the non-signal region
was zeroed out in background subtraction. The instantaneous images from the equivalence
ratio scan and their corresponding mean fluorescence signals are shown in Figure 7.2. We
noticed that at   0.9 , the CH PLIF signal was so weak that only intermittent dots were
observed. The mean signal increases towards the rich flame side and reaches a maximum
value at   1.2 . This observation shows an agreement with the work done by Carter et al.
on laminar flames [98]. The mean signal decreases after that but remains that same between

  1.5 and   1.6 , which was probably because at high equivalence ratio, the excess fuel
has a chance to burn with ambient air forming a partially premixed flame with higher CH
concentration. The CH layer thickness defined as the full width half maximum (FWHM)
of the fluorescence signal was varying from 0.2 mm to 0.6 mm within each image, which
is on the same order as the values from laminar flame calculation using CHEMKIN.
However, the significant variation of CH layer thickness from the calculation was not
observed among different flames. This is probably because the detected CH layer thickness
was determined by not only CH distribution in the reaction zone, but also the orientation
of flame front respect to laser sheet, local in-plane CH concentration, and non-uniformity
of laser energy.
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Figure 7.1. Detailed spectrum simulated by LIFBASE using 0.3 cm-1 resolution with
experimental images at specific wavelengths. The experimental images were acquired from
a CH4-air turbulent flame of equivalence ratio 1.4. Scales are adjusted based on the
intensity of each case.
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Figure 7.2. Instantaneous CH fluorescence images and corresponding mean fluorescence
signals of turbulent premixed flames at equivalence ratio 0.9 to 1.6 excited at wavelength
of 314.355 nm.
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7.2.3. Application to turbulent premixed flames with CO2 addition
The CH PLIF excited at 314.355 nm was applied to three representative turbulent premixed
flames with CO2 addition listed in Table 3.3. The instantaneous images assembled with 6
panels of these flames are shown in Figure 7.3. These panels are temporally independent
but spatially correlated. Each panel has a 20% overlap with an adjacent panel along the
axial axis of the burner centerline. The yellow and red, wrinkled curves in each image show
the distribution of CH layer within the flames. The variation in signal strength within each
panel does not necessarily indicate the local CH radical concentration because of the nonuniformity of laser sheet energy. The weaker signal was collected from the left side than
those from the right side where the laser sheet was inserted into the flame. A small amount
of unstructured chemiluminescence was observed, through a 65-ns gate, in the absence of
a bandpass filter. At the bottom panels of all three flames, a strong signal was collected
due to burner surface scattering of laser sheet. The signal of CH layers was weaker while
moving towards downstream of the flame. The average signal strength decreases with CO2
addition due to lower CH concentrations with CO2 diluted flames. The flame length was
observed to be extended by unburned reactant pockets.
Figure 7.4 shows simultaneous CH and OH PLIF using 314.377 nm wavelength for flames
12, 13, and 14. The images also consist of 6 temporally independent panels with 20%
overlap in the axial direction. The OH signal is shown within each panel with a pixel value
of 50 or lower, and CH signal was indicated by pixel value around 100. However, due to
the low transition strength, not all CH signals were picked up due to non-uniformity of
laser sheet energy and local variation of CH concentration. In the bottom panel shown in
Figure 7.4 of the flame without CO2 addition, the yellow edges indicating thin CH layers
were observed at the bottom and top instead of the middle section with lower laser energy.
The CH signal was getting weaker while traveling towards downstream and both CH and
OH signals were reduced with increasing of CO2 addition. An example of the time
sequence of simultaneous CH and OH images of flame 12 is shown in Figure 7.5. We found
that there were locations where CH layers were not aligned with OH edges. The circles
with solid red line highlight a “pinch-off” process of flame fronts. The “pinch-off” region
was filled with OH signals indicating combustion product instead of unburned reactants.
The ellipses with red dash line mark a burned-out process of unburned reactant pocket. We
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found that the OH signal filled out the pocket faster than the shrinking process of CH layer.
The observations are possibly caused by either or both of two reasons that 1) multiple layers
of the flame sheet were observed due to the finite laser sheet thickness and 2) the product
with finite OH concentration diffused into reactant region without forming a reaction zone.
However, the latter process is currently lack of experimental observation from literature.
Nevertheless, the observations suggest that using OH radical only to mark flame front will
potentially cause an underestimation of flame surface density with finite laser sheet
thickness.

(a)

(b)

(c)

Figure 7.3. Instantaneous CH PLIF images of turbulent premixed flame with (a) 0%, (b)
5%, and (c) 10% CO2 addition excited at wavelength of 314.355 nm.
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(a)

(b)

(c)

Figure 7.4. Instantaneous CH-OH PLIF images of turbulent premixed flame with (a) 0%,
(b) 5%, and (c) 10% CO2 addition excited at wavelength of 314.377 nm.
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Figure 7.5. Example of sequential, simultaneous CH and OH PLIF images with
highlights showing misalignment of CH layers and OH edges at (a) wrinkled flame front,
(b) unburned reactant pocket. The symbols t0 is arbitrary time instances during the
measurements.
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8. QUANTITATIVE NARROW BAND IR IMAGING

Experimental Methods
8.1.1. Flame operating conditions and coordinate system
Narrowband radiation intensity measurements and temperature computations were
performed on two flames as shown in Table 8.1. Flame 1 was established on the rim
stabilized co-flow burner with an inner diameter of 15 mm which was previously studied
by Chakka [8] and Ji et al. [6] for temperature measurements using thin filament
anemometry in this laboratory. Flame 2 was established on the PARAT burner with an
inner diameter of 18 mm which was previously studied by Han et al. [116] for temperature
measurement using coherent anti-Stokes Raman scattering (CARS).

Details of

measurement and computations of narrowband radiation images are presented for flame
15. Similar radiation measurement was performed on flame 16 but omitted in the
demonstration. Radiation computation based on STASS was not performed on flame 15
due to insufficient temperature measurements along the radial direction. Temperature
deconvolution based on narrowband radiation measurement using onion peeling algorithm
in conjunction with STASS was performed and presented for both flames 15 and 16.
The burners were aligned vertically and traversed along a linear guide. The nominal jet
exit Reynolds numbers are based on the cold gas properties, the exit velocity of the central
jet burner, and the burner diameter. The mass flow rates were calibrated using a dry test
turbine meter and controlled by rotameters (fuel streams of flame 15), digital mass flow
controllers (fuel streams of flame 16), and pressure upstream of a choked orifice plate (air
for both flames 1 and 2). A schematic of the experimental arrangement and a coordinate
system for the planar infrared radiation measurements, following the work of Rankin et al.
[81], are defined in Figure 8.1 for convenience. Two cylindrical coordinate systems (x, r,
θ) with origins within the Cartesian coordinate system at (0, 0, 0) and (0, d, 0) are utilized
to describe all locations with reference to the flame and with reference to the camera, where
d is the distance between the flame axis and the camera lens. The definition of these
coordinate system was essential for calculating the infrared images as described in the
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following. The fuel-air premixing tube, the burner axis, and the focal plane of the camera
were aligned such that they were all parallel to the local gravity vector.

Table 8.1. Operating conditions for the narrowband radiation intensity measurements.
Flame #

15 [6-8]

16 [116]

Burner

Rim stabilized co-flow burner

PARAT burner

Burner diameter (mm)

15

18

Reynolds number

8950 ±50

10000 ±50

Equivalence ratio

0.8

0.8

CH4 mass flow rate (mg/s)

84 ±1

112 ±2

Pilot H2 mass flow rate (mg/s)

2 ±0.05

2.7 ±0.03

Figure 8.1. A schematic of experimental arrangement with coordinate system.
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8.1.2. Radiation intensity measurements of flame 15
Planar time-dependent radiation intensity measurements of flame 15 in the 1-3 μm range
were acquired using a FLIR Phoenix camera (InSb detector array with liquid nitrogen (LN2)
cooling) and those in the 3-5 μm range were acquired using a FLIR SC6000 camera (InSb
detector array with thermoelectric (TE) cooling). The half view angle of the camera was
aligned to be less than 10 deg with 50 cm between the flame axis and the focal plane. The
radiation intensity detected by each pixel of the camera focal plane array was approximated
by a parallel line-of-sight because of the small view angle. Each pixel images an area of
0.245×0.245 mm2. Each image corresponds to 5 diameters distance in the radial direction
and 4 diameters distance in the axial direction. This choice was made as a compromise
between obtaining sufficient resolution to highlight salient features such as flame wrinkling,
major product species formation, and high-temperature zones. The infrared camera was
calibrated using a blackbody source placed at the same distance as the flame axis from the
camera lens. Five calibration points were selected from temperature of 873 K to 1273 K
for blackbody source. Three bandpass filters were used to measure the radiation intensity
of H2O (2.58 ± 0.03 μm), combined CO2 and H2O (2.77 ± 0.1 μm) and CO2 (4.38 ± 0.08
μm). Narrowband radiation intensity (I) along approximate lines of sight through the flame
as shown in Figure 8.1 was measured.
Infrared images were acquired at multiple heights between the burner exit and nearly 24
diameters downstream. At each camera location, 6400 infrared image samples were
collected to ensure convergence of the turbulent radiation statistics. The camera integration
time was fixed at 10 μs which is much less than the expected timescale of ~5 ms calculated
based on Reynolds number and area of view from the camera. The sampling frequency was
430 Hz.
8.1.3.

Radiation computations using measured temperatures of flame 15

The solution to the radiative transfer equation for absorbing-emitting media is [80, 120],
2

2

1

1

I     I  (0)e  d   





0



  I b (  )e (    ) d  d 

(8.1)

where I b is the blackbody spectral intensity, 1 and 2 are the spectral limits of the filter.
The coefficient   (spectral transmittance) accounts for losses through the filter and the
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lens and the spectral response function of the camera focal plane array. The optical
thickness   is defined as,
s

      ds
0

(8.2)

Instantaneous realizations of infrared radiation intensity were computed along nonhomogenous chord like radiation paths that intersected with several approximately
homogenous concentric annuli as shown in Figure 8.1. Stochastic time series analyses
following the work of Ji et al. [6] and Zheng et al. [121] were used to compute
instantaneous values of temperatures and species concentrations at each of the segments.
With the segment size of the radiation path and time-dependent scalars, time-dependent
values of spectral and band integrated radiation intensity were obtained by numerically
integrating Equation (8.1).
Mean and RMS fluctuation values of radial temperature profiles at 6 different axial
locations (x/D=1.33, 2.67, 4.00, 6.67, 9.33, and 13.33) of flame 15 were obtained from
Chakka [8] and Ji et al. [6]. In general agreement with the regularization of the reaction
progress variable approach by Ihme et al. [122], concentrations of species H2O, CO2, CH4,
CO and N2 inside and within the premixed flame zone were treated as functions of the local
reaction progress variable and those outside the premixed flame zone were treated as a
function of the local mixture fraction. The state relationships defining the dependence of
the species concentrations on the progress variable and the mixture fraction were obtained
considering GRI MECH 3.0 mechanism in conjunction with CHEMKIN and OPPDIF. The
results based on this procedure were within 10% of those obtained with a perfectly stirred
reactor calculation with the initial mixture corresponding to that exiting the burner
combined with various quantities of air to represent the different mixture fractions.
Using the measured mean and RMS fluctuation values of temperature for points along
individual radiation paths, a clipped Gaussian probability density function (clipped
between reactant temperature and adiabatic flame temperature) was assumed. The
parameters of the distribution were stored prior the radiation simulation to obtain single
point statistics of temperature. A stochastic time and space series (STASS) model [6] was
used to obtain multi-point, multi-time realizations of temperatures. The progress variable -
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mixture fraction based state relationships described above were used to relate the
realizations of species concentrations to the STASS based temperature [112].
The spectral absorption coefficient database within RADCAL [79] was used to obtain
realizations of narrowband path integrated spectral radiation intensities. The HITRAN [84]
and HITEMP [83] databases were used to obtain realizations of line by line spectral
radiation intensities. In each case, the instantaneous scalar distributions along the chord
like paths were used for numerically integrating the equation of transfer (Equation (8.1)).
A diagram summarizing the steps involved in the interplay between the experimental data
and the radiation computations is presented in Figure 8.2.

Figure 8.2. A diagram summarizing the radiation computing steps involved with the
interplay between data and the models.
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8.1.4. Temperature estimation using measured radiation intensity of flames 15 and
16
The onion peeling algorithm [86] was employed in conjunction with STASS to deconvolve
the measured radiation intensities of CO2 (4.38 ± 0.08 μm) band for temperature
distribution functions. The mean and RMS fluctuation values of scalars including
temperature and species concentrations for the flame considered are assumed
centrosymmetric respect to the burner centerline. The scalar fields are divided into multiple
concentric circles ( i  1, 2,3..., n ) where homogeneous properties are assumed as shown in
Figure 8.1. Mean and RMS fluctuation values of temperature were deconvoluted from
outside annulus of the scalar field to the center (from i  1 to n ). In each annular, the mean
and RMS fluctuation values of temperature were searched using bisectional method while
computed radiation intensity using aforementioned method was compared with
experimental measurements. A diagram summarizing the steps of onion peeling method
for temperature estimation is shown in Figure 8.3. The estimated RMS fluctuation values
of temperature are expected to have significant errors because the computed RMS
fluctuation values of radiation intensity are significantly affected by the presumed PDFs,
integral scale [91], spatial correlation [91], and instrumental response function of the
measurement system. An accurate estimation of RMS fluctuation values of temperature
requires knowledge of these quantities from the measurement. The uncertainty of onion
peeling method has cumulative errors and high sensitivity to noise. This problem is treated
by using Tikhonov regularization method [88, 123] to both smooth the reconstructed
temperature and reduce cumulative errors.
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Figure 8.3. A diagram summarizing the temperature estimation steps using onion peeling
algorithm.
Results and Discussion
8.2.1. Infrared images of flame 15
Six representative image panels of the quantitative time-dependent measurements of the
narrowband (2.58 ± 0.03 μm, 2.77 ± 0.1 μm, and 4.38 ± 0.08 μm) radiation intensities
emitted from flame 15 are shown in Figure 8.4. Within each panel, the measurements are
spatially correlated at identical times within the 430 Hz sampling frequency of the camera.
The images in different panels are a visually assembled collage. The collage can be
improved by applying quantitative image recognition and composite image rendering tools
in the future. The intensity scale for the three spectral regions increases from 0-50 W/m2-
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sr to 0-300 W/m2-sr and finally to 0-500 W/m2-sr, determined based on measured
maximum band intensity for each of the narrow bands selected. The order of magnitude
increase in the maximum intensity value results from changes in the optical path lengths
and the inherent line and band strengths. The quality of the data within all three ranges
highlights the dynamic range of the infrared imaging technique. The least count of the color
palette varies by an order of magnitude contributing to the dynamic range. Even with the
smallest least count of 10 W/m2-sr observed in the x/D=0 to x/D=2 region, intricate features
of the turbulent wrinkled flow and flame appear. These features are consistently observed
with the factors of 5 and 10 larger least counts in the other two spectral regions. The
appearance of a small ring of high-intensity region resulting from emission by hot water
vapor molecules generated by the tiny hydrogen pilot flame is particularly noteworthy.
Further away from the burner exit (4 ≤ x/D ≤ 8) all three spectral regions show the highest
values of band intensities across the cross-section defined by the wrinkled surfaces
representing the convoluted flame edge. The wrinkled flame extends into the 8 ≤ x/D ≤ 12
regions for all three bands. Beyond x/D = 12, the radiation intensity decreases to
immeasurably low values because of rapid entrainment of ambient air which dilutes and
cools the combustion products.
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High
intensity
region from
hydrogen
pilot flame

Figure 8.4. Planar time-dependent radiation intensity measurements of flame 15 with 2.58
± 0.03 μm spectral region (left), 2.77 ± 0.1 μm spectral region (middle), and 4.38 ±0.08
μm spectral region (right).

Figure 8.5 illustrates ensemble averaged images of 6400 time-dependent images for the
three infrared narrow bands. The water vapor formed by the hydrogen pilot flame leads to
a high-intensity region 2.58 ± 0.03 μm band near x/D = 0. The intricately detailed structure
observed in the instantaneous images averages to define an almost conical region in the 0
≤ x/D ≤ 4. The region of highest mean intensity (4 ≤ x/D ≤ 8) results from the highest local
temperatures, gaseous concentrations of emitting species of respective bands, and
relatively long path lengths. Similar to the instantaneous intensities, the mean intensity
decays rapidly in the 8 ≤ x/D ≤ 12 regions for all three bands as the combustion products
mix with the cooler surrounding air.
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Figure 8.5. Planar ensemble averaged radiation intensity measurements of flame 15 with
2.58 ± 0.03 μm band (left), 2.77 ± 0.1 μm (middle), and 4.38 ± 0.08 μm band (right).

8.2.2. Mean and fluctuating properties of flame 15
Mean and RMS fluctuation values narrow band radiation intensity leaving diametric paths
normal to and passing through the flame axis of flame 15 as a function of distance
downstream are presented in Figure 8.6 for the 2.58 ± 0.03 μm, 2.77 ± 0.1 μm, and 4.38 ±
0.08 μm bands. The mean and RMS fluctuation values of intensity distributions are
qualitatively similar for the three narrow bands. The experimental uncertainty bands
shown over the symbols representing the data are based on five repeated sets of
measurements.
At the exit of the burner, the mean intensity of 4.38 ± 0.08 μm band is approximately zero,
while the mean intensities of 2.58 ± 0.03 μm and 2.77 ± 0.1 μm bands show finite values
compared with the maximum intensity because of the hot water vapor generated by the
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pilot flame. The mean radiation intensities increase to their peak values near 6.5 diameters
downstream for all three bands. The maximum mean intensity is 50 W/m2-sr for water
vapor band (2.58 ± 0.03 μm), 263 W/m2-sr for the combined carbon dioxide and water
vapor band (2.77 ± 0.1 μm), and 459 W/m2-sr for the stronger carbon dioxide band (4.38
± 0.08 μm). The mean intensities of all three bands decrease to zero between 20 and 25
diameters downstream because of the entrainment of ambient air which dilutes and cools
the combustion products. The measurements of the RMS of intensity for the 2.58 ± 0.03
μm and 2.77 ± 0.1 μm bands decrease to near-zero values in the far field as expected.
However, the measurements of RMS values for the 4.38 ± 0.08 μm band remain finite most
likely because of the higher noise inherent to a thermoelectrically cooled detector array
used at this longer wavelength. However, these nonzero fluctuations in the RMS values are
not of importance to the present work.
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Figure 8.6. Mean (top) and root mean square (bottom) of the radiation intensity at the
centerline of flame 15.
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8.2.3. Radiation estimation of flame 15 using RADCAL and line by line calculations
with HITRAN and HITEMP database
Five arrays of mean radiation intensities of flame 15 were calculated at five different axial
locations (x/D=1.33, 2.67, 4.00, 6.67, 9.33). Interpolation methods were applied to
generate mean radiation intensity images plotted in Figure 8.7. The spatial distributions of
computed radiation intensity show qualitative agreement with that from the measurement.
The peak intensities based on the RADCAL database are within 14% of the measurements
and those based on the HITEMP database are within 18% of the measurements. The
computational results based on HITRAN show significantly larger errors (28%) in peak
intensity estimates compared to the measured intensities due to lack of molecular line and
transition information at high temperatures.

Figure 8.7. Comparison of planar radiation intensity of flame 15 from 4.38 ±0.08 µm band
among experimental measurements using fast infrared camera, narrow band calculations
from RADCAL, and line by line calculation using HITEMP database and HITRAN
database.

8.2.4.

Statistical analysis of flame 15: space correlations and time-space correlations.

Spatial autocorrelation function  (r ) , defined in Equation (8.3) [124], of the radiation
intensity at the axial location x/D=2.67 of flame 15 is reported in Figure 8.8.
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 (r ) 

I '(r ) I '(r  r )
( I '(r )) ( I '(r  r ))

(8.3)

where I '(r ) is the radiation intensity fluctuation from the mean intensity. An exponential
fit using the integral length scale is also presented for comparison with the measured spatial
autocorrelations. The measured spatial autocorrelations decay linearly at short separation
distances but exponentially at longer separation distances. As an example, a space-time
correlation contour of the radiation intensity at the centerline (r = 0) at the axial location
of x/D=2.67 is shown in Figure 8.9. The integral length scale and temporal scale obtained
from the measurements were 8.2 mm and 2.8 ms respectively. The cross-correlation
coefficients  (t , r ) of flame 1 are calculated following Jones’s approach [125] shown in
Equation (8.4). The products of the spatial and temporal autocorrelation coefficients

 (t )  (r ) are plotted for a comparison with the cross-correlation coefficient.
Qualitatively and quantitatively, the space-time correlation  (t , r ) defined in Equation
(8.4) shows a stronger temporal bias resulting from the higher velocities in the axial
direction.

This observation is consistent with similar temporal bias observed by

Kounalakis et al. [124].

 (t , r ) 

I '(t, r ) I '(t  t , r  r )
1/2

( I '(t, r ) 2 ) ( I '(t  t , r  r ) 2 ) 



(8.4)
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Figure 8.8. Spatial autocorrelation coefficients of the radiation intensity at axial location
at x/D=2.67 of flame 15 with carbon dioxide band (4.38 ± 0.08 μm).

Figure 8.9. Time-space cross-correlation contours (left:  (t , r ), right:  (t )  (r ) ) of
the radiation intensity at axial location at x/D=2.67 and r/D=0 of flame 15 with carbon
dioxide band (4.38 ± 0.08 μm).
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8.2.5. Temperature estimation of flames 15 and 16 using measured radiation
intensity and narrow band model
Four representative axial locations of flame 15 were selected to perform the inverse
calculation for temperature distributions. A comparison between calculation and
experimental data from Ji et al. [6] is shown in Figure 8.10. The temperature distribution
estimated using inverse calculation captures radial trends well at these representative axial
locations while quantitative discrepancies are observed. At x/D=2.67 and 4, the
temperature distributions within the flame brush are well matched with experimental data
while those in the diffusion region are underpredicted. This is probably because the actual
CO2 concentration within the shear layer near the burner exit is lower than the values
calculated using state relationship. This underprediction attenuates when the interested
location moves further downstream. At x/D=5.33, the temperature near the flame tip is
overpredicted due to the complexity of turbulent radiation interaction introduced by
intermittent mixing process between product, reactant, and ambient air.
A representative axial location of flame 16 was selected to perform temperature inverse
calculation. The probability density functions (PDFs) of temperature at representative
radial locations are compared with those from CARS measurement by Han et al. [116] as
shown in Figure 8.11. We noticed that mean temperature profiles using inverse calculation
method at all four representative radial locations are predicted within 100K from those of
measurements. The estimated RMS fluctuation values of temperature are significantly
underestimated due to an inconsistency between presumed PDF and that from
measurement affected by instrumental response function and spatial averaging effect.
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Figure 8.10. Mean radial temperature distributions at representative axial locations of
flame 15 estimated from radiation intensities measurement of CO2 (4.38 ±0.08 μm) band
using onion peeling deconvolution method in conjunction with STASS. The estimated
temperatures are compared with past measurements.
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Figure 8.11. Probability density functions (PDFs) of radial temperatures at a
representative axial location of flame 16 estimated from radiation intensities
measurement of CO2 (4.38 ±0.08 μm) band using onion peeling deconvolution method in
conjunction with STASS. The PDFs estimated using inverse calculation method are
compared with CARS measurements.
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9. CONCLUSIONS

Overview of Research Scope
The overarching goal of this research is to investigate the effects of dry exhaust gas
recirculation emulated by CO2 addition on turbulent premixed combustion. The exhaust
gas recirculation is widely used to reduce NOx emissions on gas turbine systems. Advanced
understanding of the effects of CO2 addition on the flame structure and burning velocity is
critical for combustion model development. Experimental data including velocity
boundary condition, temperature, species concentration, and radiation emission are vital to
model validation. Careful scientific studies providing both physical understanding and
experimental data for turbulent premixed combustion will aid in developing efficient and
sustainable combustion devices with low pollution generation.
During this research campaign, a piloted axisymmetric reactor assisted turbulent burner
was developed to established flames under atmospheric and high-pressure conditions.
Three representative turbulent premixed jet flames with varying levels of CO2 addition
were studied. Extensive measurements were performed using advanced laser diagnostic
methods. Particle imaging velocimetry (PIV) was used for velocity boundary condition
characterization. Coherent anti-Stokes Raman Scattering (CARS) was used for temperature
and species concentration measurements. Planar laser-induced fluorescence (PLIF) was
used to measure OH radical distribution which is indicative of combustion products. The
data collected in these measurements were utilized to understand the physics behind the
key phenomena observed in flames with varying levels of CO2 addition. Turbulent flamelet
structure was analyzed using mean flame brush thickness and flame surface density.
Turbulent burning velocity was characterized by global consumption speed and local
consumption speed. The effects of CO2 addition on turbulent premixed flames were
carefully interpreted through the data analysis. Efforts were also made to improve our
capabilities in studying exhaust gas recirculation effects through demonstration of other
measurement techniques. Planar laser-induced fluorescence measuring CH radical and
simultaneously CH and OH radical shows great potential for more accurate flame
measurements with a rigorous indication of the primary reaction zone and post flame zone.
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Quantitative narrowband infrared radiation measurement introduces a low-cost model
validation technique with higher feasibility for industrial application. All efforts made in
this work are to advance our understanding of the effects of CO2 addition on turbulent
premixed combustion with our best capabilities and meanwhile to further extend our
capabilities.

Summary of Scientific Contributions
This research provided some background into turbulent premixed flames and effects of
CO2 addition on premixed flames, developed a new burner for both atmospheric and highpressure conditions, described applications of several techniques for combustion
diagnostics, and explored physical mechanics behind critical phenomena in turbulent
premixed flames with CO2 addition. The demonstration of diagnostic techniques applied
in this study can be referred by other researchers. The experimental data collected are
usefully for validation of computational tools. The physical mechanism investigated will
aid to combustion model development. With limited work done in the past on turbulent
premixed flames with CO2 addition, this work provides a useful contribution to state of the
art in combustion research and adds values to the development of next-generation low NOx
combustion devices.
9.2.1. Advancement in fundamental understanding
Three representative turbulent premixed flames with different CO2 addition were studied.
The Reynolds number, Lewis number, and adiabatic flame temperature were kept constant
within 2% to minimize transport and thermal effects introduced by CO2 addition. The key
phenomenon we observed was that flame length increases, but width decreases with an
increase in CO2 addition. On visible high-speed camera images, the flame length was
represented by a dark region indicating unburned reactants. In the temperature
measurements, the flame length was defined as the distance along the burner centerline
between the burner exit to the location of maximum mean temperature. Additionally, the
temperature PDF of the turbulent premixed flames shows an evolution from unimodal at
reactant temperature, a bimodal inside the flame brush, a unimodal at the peak flame
temperature with burned products, and distributed profiles when the combustion products
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are cooled and mixing with ambient air. The evolution of flames are similar but spatially
delayed with an increase in CO2 addition. In OH PLIF, the flame length was indicated by
the axial distance between burner exit and lowest location where no unburned reactants
were observed. Although the flame length was characterized differently with different
measurement technique, the conclusions were consistent.
The mean flame geometric structure was quantitatively characterized using progress
variable. This quantitative was calculated using both temperature profiles and OH radical
distribution. The mean reaction progress variables along the centerline and along the radial
direction at representative axial locations for the flames collapse to a universal curve with
dimensionless coordinate associated with mean flame brush thickness. Self-similarity of
mean progress variable was observed in turbulent premixed flames with and without CO2
addition. The development of mean flame brush along the radial direction characterizing
the flame width follows the turbulent diffusion law, but with differences introduced by CO2
addition. This is possibly caused by the variation in heat release rate of flames with
different CO2 addition. The flame surface density shows a minimum difference at the
upstream of the flame for flames with and without CO2 addition. The CO2 addition
modifies the flame surface density significantly on the downstream side of the flame due
to a higher possibility of finding unburned reactant pockets.
The instantaneous flame structure was also investigated. The thin flame assumption was
exanimated using the correlation between the RMS temperature fluctuation values and
mean temperature values. The result shows that flames with varying CO2 addition collapse
on the same curve with finite deviation from the theory. This deviation is possibly caused
by finite instantaneous flame thickness or spatial averaging effect from measurement or
both. Further examination can be conducted using numerical simulation while applying the
same probe volume size. The relations between instantaneous flame temperature and major
species concentrations, specifically O2 and CO2 in this study, were compared with BrayMoss-Libby (BML) model based on CHEMKIN calculations. The results show good
agreement between measurements and the theory while it is less clear at the pre-flame
locations due to the lack of data points.
Turbulent burning velocity was represented by global consumption speed and local
consumption speed in this study. The global consumption speed decreases with CO2
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addition due to a predominant effect of the reduction in unstretched laminar flame speed.
The global combustion intensity was used to show overall flame surface area while
neglecting flame stretching effect. The result shows a higher value for flames with CO2
addition. This effect was further investigated using local consumption intensity. The local
combustion intensity is lower in the upstream region for the flames with CO2 addition due
to the attenuation of pocket formation in the flame brush development region. However,
this effect is counterbalanced by the enhancement of flame surface area by pocket
formation process in the downstream of the flame. The fine-scale unburned pocket size and
its consumption speed are statistically identical among the flames with different CO2
addition.
The data analysis in this study provides an advanced understanding of the effects of CO2
addition on turbulent premixed combustion. The direct measurements and combustion
parameters are of importance in the development of valid computational models including
direct numerical simulation (DNS) and large eddy simulation (LES) with minimum
adjustable parameters.
9.2.2. Technique demonstration for future studies
Five different diagnostic methods were used in this study. The particle imaging velocimetry
and planar laser-induced fluorescence of OH radical via A-X (1,0) band are wellestablished technique and have been widely used for turbulent premixed flames in the
literature. The techniques demonstrated in this study focus on the dual pump ns-CARS
system for simultaneous temperature and species concentration measurements, the planar
laser-induced fluorescence of CH radical via C-X (0,0) band, and quantitative narrowband
infrared radiation imaging.
The dual pump CARS system was developed in 2014, and this was the first time that it was
applied to turbulent premixed flames. The spectra of CO2, N2, and O2 were acquired to
probe temperature, CO2 and O2 concentration simultaneously. Excellent fits of single shot
spectra to the theoretical spectra were observed. The CARS technique offers, arguably, the
best combination of spatial and temporal resolution, accuracy, precision, and high data rate for
performing temperature measurements in the turbulent combustion environments that are
characteristic of many combustion devices in use today. However, a couple of challenges still
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existed during the application. First, the broad dynamic range of temperature within flame
brush region where both cold reactants and hot products appeared created an elaborated
process of laser energy adjustment. The pulse energy was tuned in every single
measurement location to avoid saturation and keep a high signal to noise ratio. Secondly,
at high temperature (>1800 K), O2 and CO2 lines were difficult to quantify due to a low
signal to noise ratio. Finally, the probe volume size was still large compared with
instantaneous flame geometry, which created a spatial averaging effect on the
measurements, although the overlap and focusing of multiple laser beams allowed CARS
better spatial resolution than other measurement systems. These challenges can be
minimized or avoided by the development of laser system and spectrometer.
Planar laser-induced fluorescence of CH radical via C-X (0,0) band was first published in
2016. The CH C-X band has interference with OH A-X band. However, the OH lines can
be avoided or excited if desired. When OH lines are avoided, the CH transitions can be
used to highlight the inner reaction zone indicated by CH layers. The measured layer
thickness provides some insight of inner reaction zone width but affected by local
measurement situations. The CH concentration within the inner reaction zone decreases
with CO2 addition, which was observed with reduced imaging signals. When OH lines are
excited, it provides an efficient way for simultaneous OH and CH detection with single
laser and imaging system. The images from simultaneous OH and CH PLIF suggest that
using OH PLIF might underestimate the flame surface density at the highly-wrinkled
location or small-scale pockets. However, the application of this technique will become
challenging with low laser pulse energy at reduced CH concentration caused by over lean
or rich equivalence ratio or CO2 dilution. With further improvement on the multi-kHz laser
system, this technique is believed to have broader utility including studying EGR effects
on the lean premixed combustion process.
The first quantitative spectral infrared images of narrowband radiation intensity leaving a
representative turbulent lean premixed jet flame were obtained in this work. The statistics
of radiation intensity including mean and RMS fluctuation values and spatial and temporal
correlations were acquired. The mean and RMS fluctuation values of temperature from
past measurement were utilized to compute radiation emission using STASS analysis in
conjunction with radiation models involved the use of the absorption coefficients provided

105
by RADCAL, HITRAN, and HITEMP. The measured radiation intensities were employed
to estimated temperature distributions using onion peeling deconvolution algorithm.
Reasonable agreements between computations and measurements on both radiation
emission and temperature distribution were observed. Quantitative images of infrared
radiation intensity emitted by individual and combined bands of H2O and CO2 provide
insight into flame structures by revealing detailed features of the flame stabilization zone
near the burner exit, the wrinkled flame zone at intermediate distances, and the broader
combustion zone near the flame tip. Radiation emission computations of turbulent
premixed flames using STASS in conjunction with radiation models provide reasonable
agreement with experimental measurements. The improvement in molecular database
enhances the computational performance significantly by including transitions and line
widths at high temperatures. The temperature deconvolution method based on radiation
intensity measurement demonstrates a potential application in full-scale industrial facilities
for combustion diagnostics and computational model validation.

Suggested Future Work
9.3.1. Improvement on temperature and species measurements
In Section 5, the temperature and O2 and CO2 concentration measurements are reported.
There are two challenges discussed in the measurements. The spatial averaging effects
along the probe volume needs to be better understand and quantified. The examination of
thin flame assumption will be benefited from the study. The species concentration
measurements were found to be difficult at high temperature. The development of noise
suppression or signal enhancement technique on CARS measurement will help resolve or
minimize this problem.
9.3.2. Understanding of pocket formation process
From Section 6, we notice that the CO2 addition modifies the unburned or burned pockets
formation process, which is vital to local and global consumption speeds of flames.
Understanding the pocket formation requires further knowledge in flame dynamics.
Simultaneous PIV and PLIF measurement will provide us insights into local pocket
formation process.
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9.3.3. Emission measurements
In Section 1, we mentioned an important technical observation from Mitsubishi Heavy
Industries that the EGR reduced NOx emission significantly even at the same turbine inlet
temperature. It will be important to quantify the contribution of CO2 and H2O, which are
two major components of EGR. The emission measurement can be performed with local
probing or exhaust gas analysis.
9.3.4. High-pressure high-temperature experiments
In practical gas turbine applications, the flames are operated under high temperature and
high-pressure conditions. The fuel chemistry is affected at elevated pressure. The kinetic
or chemical effects of EGR reported in this work may not be sufficient to predict the
combustion behavior. The PARAT burner described in section 3 was designed for inlet
temperature up to 800 K and pressure up to 20 bar. Turbulent premixed flames with varying
CO2 addition under high pressure are of importance in EGR research. Advance laser
diagnostic applied in this study can be further implemented for high-pressure experiments.
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APPENDIX A. BURNER DESIGN AND DRAWINGS

Figure A. 1. An integrated engineering drawing for PARAT burner.
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Figure A. 2. An integrated engineering drawing for the mixer of PARAT burner.

Figure A. 3. An engineering drawing for the mixer pipe of PARAT burner.

121

Figure A. 4. An engineering drawing for a bluff body of PARAT burner.

Figure A. 5. An engineering drawing for the fuel injector of PARAT burner.
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Figure A. 6. An engineering drawing for a flange on the mixer of PARAT burner.

Figure A. 7. An integrated engineering drawing for the diffuser of PARAT burner.
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Figure A. 8. An engineering drawing for the diffuser pipe of PARAT burner.

Figure A. 9. An engineering drawing for a flange on the diffuser of PARAT burner.
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Figure A. 10. An engineering drawing for the second flange on the diffuser of PARAT
burner.

Figure A. 11. An integrated engineering drawing for the converging nozzle of PARAT
burner, part 1.
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Figure A. 12. An integrated engineering drawing for the converging nozzle of PARAT
burner, part 2.

Figure A. 13. An engineering drawing for the exit of PARAT burner.
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Figure A. 14. An integrated engineering drawing for the reactor/pilot configuration of
PARAT burner.
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Table A. 1. Tabulated radius as a function of distance of the diffuser*, labelled as
attachment 1 in the drawing.
X (in)
R (in)
X (in)
R (in)
0.000
1.024
3.071
0.759
0.118
1.023
3.189
0.743
0.236
1.022
3.307
0.728
0.354
1.019
3.425
0.712
0.472
1.016
3.543
0.697
0.591
1.011
3.661
0.683
0.709
1.006
3.780
0.668
0.827
1.000
3.898
0.654
0.945
0.993
4.016
0.641
1.063
0.985
4.134
0.628
1.181
0.976
4.252
0.615
1.299
0.966
4.370
0.604
1.417
0.956
4.488
0.593
1.535
0.945
4.606
0.582
1.654
0.933
4.724
0.573
1.772
0.921
4.843
0.564
1.890
0.908
4.961
0.556
2.008
0.894
5.079
0.549
2.126
0.880
5.197
0.543
2.244
0.866
5.315
0.537
2.362
0.851
5.433
0.533
2.480
0.836
5.551
0.529
2.598
0.821
5.669
0.527
2.717
0.806
5.787
0.525
2.835
0.790
5.906
0.525
2.953
0.774
*Equation: X  5.906t , R  {[0.5  0.5cos(3.142t )](26 -13.335) 13.335}/ 25.4, t [0,1]

128

Table A. 2. Tabulated radius as a function of distance of the converging nozzle**,
labelled as attachment 1 in the drawing.
X (in)
0.000
0.080
0.160
0.240
0.320
0.400
0.480
0.560
0.640
0.720
0.800
0.880
0.960
1.040
1.120
1.200
1.280
1.360
1.440
1.520
1.600
1.680
1.760
1.840
1.920
2.000
**Equation:

R (in)
1.023
1.023
1.023
1.022
1.020
1.018
1.014
1.009
1.002
0.994
0.985
0.974
0.961
0.947
0.932
0.915
0.897
0.877
0.857
0.835
0.812
0.789
0.765
0.741
0.716
0.691

X (in)
2.080
2.160
2.240
2.320
2.400
2.480
2.560
2.640
2.720
2.800
2.880
2.960
3.040
3.120
3.200
3.280
3.360
3.440
3.520
3.600
3.680
3.760
3.840
3.920
4.000

R (in)
0.666
0.641
0.617
0.593
0.569
0.547
0.525
0.505
0.485
0.467
0.450
0.434
0.420
0.408
0.397
0.387
0.379
0.373
0.368
0.364
0.361
0.360
0.359
0.358
0.358

X  4.0t , R  .358  (.104)[4.0(1  t )]3  (.039)[4.0(1  t )]4  (0.004)[4.0(1  t )]5 , t [0,1]
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APPENDIX B. RADIATION INTENSITY CALCULATION

Gaseous radiation intensity emitted from a flame and captured by an IR camera can be
expressed as the solution to the radiative transfer equation for absorbing-emitting media is
[80, 120],
2

2

1

1

I     I  (0)e  d   





0



  I b (  )e (    ) d  d 

(B.1)

where I b is the blackbody spectral intensity, 1 and 2 are the spectral limits of the filter.
The coefficient   (spectral transmittance) accounts for losses through the filter and the
lens and the spectral response function of the camera focal plane array. The optical
thickness   is defined as [9],
s

      ds
0

(B.2)

where   is the spectral absorption coefficient, which is a property of molecules at specific
temperature and pressure. The value can be modeled and tabulated from experimental data
(narrow band model [79]) or calculated using line by line method. RADCAL is a welldeveloped narrow-band code, and its author Grosshandler has given the theory
exhaustively in a handbook [79]. The absorption coefficient   can be computed by the
line by line method as follows:

   N ( p, T ) X (i )  S (ij ) (T )
i

(B.3)

j

where  is wavenumber, S (ij ) is the integral intensity of the j th line for the i th isotopic
species,  is the line shape of the j th line. N is the volume concentration of all gas
molecules at the pressure p, and temperature T,
N ( p, T )  p / kBT

(B.4)

Where k B is Boltzmann constant, X (i ) is the mixing ratio of the i th isotopic species,  (ij )
is the center position of the j th line. The parameters S (ij ) and  (ij ) are stored in spectral
line parameter database, X (i ) is determined both by the gas mixing ratio ( N (i ) / N ) and by
the natural or artificial abundance of isotopic species (i). The integral intensities I (ij ) of
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isotopic species are stored in the database with allowance for the natural abundance of
isotopic species. Voigt function is applied to compute the line shape function  ,


k0( j ) y ( j )









et
dt
y ( j )2  ( x ( j )  t )2

k0( j ) 

2

ln 2
 D( j )

D( j ) 

(B.7)

(  ( j ) )
D( j )

(B.8)

 ( j ) 8kBT ln 2
m( i ) c 2

2

L(j )   

( ij )

(B.6)

L(j )
D( j )

y ( j )  ln 2
x ( j )  ln 2

(B.5)

(

p T0 n
)( )
p0 T

(B.9)
(B.10)

where m(i ) is the single molecular mass of species (i), c is the light speed,  (ij ) is
broadened halfwidth, T0 is the standard temperature (296K) and p0 is the standard
pressure (1 atm). The Voigt function is calculated using the method developed by
Humlicek in 1978 [126]. To calculate the integrated intensity of the j th line for
the i th isotopic species, molecular database such as HITRAN [127] or HITEMP [83] are
required.
Sif (T )  Sif (Tref )

Q(Tref ) exp(c2 Ei / T ) 1  exp(c2 if / T )
Q(T ) exp(c2 Ei / Tref ) 1  exp(c2 if / Tref )

(B.11)

where Q is the total partition sum (tabulated using TIPS code developed by R. Gamache
[127]), Ei is the energy of the lower state given in database, vif is the energy difference
between the initial and final state (given in database as vacuum wavenumber). The constant
c2 is the second radiation constant ( c2  hc / kB  1.43877cmK ). Air-broadened halfwidth,
self-broadened halfwidth:

 (T)   (Tref )(

p Tref n
)(
)
pref T

(B.12)
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where  is either air-broadened halfwidth or self-broadened halfwidth, n is the
temperature-dependence coefficient given in the database. Air-pressure-induced line shift:

 ( p)   ( pref )(

p
)
pref

(B.13)

The accuracy of line by line method will significantly depend on the completeness of
molecular database.
For radiation intensity from a turbulent flame, the stochastic time and space series (STASS)
analysis are required to study non-linear turbulence radiation interaction (TRI). STASS
were initially developed by Box and Jenkin [128] in the field of forecasting and control.
Kounalakis [124]and Ji [6] applied STASS to TRI of diffusion flame and premixed flame
respectively. A summary of the STASS employed in this study is presented here.
The time series is modeled with a normalized Gaussian ~ N (0, 1) fluctuating random
variable (  ) that is dependent on space (s) and time (t). The time and space series of the
random variable (  ) for a linear stationary process is written as:

 (s, t )  1 (s, t   t )  2 (s   s, t )  a(s, t )

(B.14)

Where  (s, t   t ) is the most recent value of the random variable,  (s   s, t ) is a
neighboring value on radial direction of the random variable, and a( s, t ) is a random
perturbation with normal distribution ~ N (0,  a2 ) .The intermediate model parameters
( 1 , 2 ,  a2 ) are expressed in terms of temporal  ( t ) , spatial  ( s) and cross-correlation

 ( t ,  s) coefficients. They are defined as:

1 

  δs     δt    δt ,  s 
1   2  δt ,  s 

(B.15)
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  δt     δs    δt ,  s 
1   2  δt ,  s 

(B.16)

 a2  1  ?1  δt   2   δs 

(B.17)

 s 

 L

(B.18)

 t 

  

(B.19)

  δt   exp  

  δt   exp  
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  δt ,  s     δt    δs 

(B.20)

L and  are the integral length and time scales respectively.

A representative homogeneous mixture of CO2, H2O, and CO at two different temperatures
was considered for comparing spectral radiance calculated using line by line computations
with HITRAN 2008 and HITEMP and with narrowband calculations using RADCAL. The
mixture composition is tabulated in Table B.1. Spectral radiance, integrated radiation
intensity, and spectral transmittance of the 0.1 cm homogeneous path within the Carbon
dioxide band (4.38 +/- 0.08 µm or 2285 +/- 40 cm-1) and water vapor band (2.58 +/- 0.03
µm or 3875 +/- 45 cm-1) are studied. Line by line spectrum of CO2 is calculated in the
wave-number range 2000-2500 cm-1 (4-5 µm).
Table B.1. Parameters describing the homogeneous test cases. The layer thickness for
both cases is 1 mm.
Case
1
2

Temperature
(K)
600
2400

Pressure
(atm)
1
1

CO2 (%
vol.)
3
3

H2O (%
vol.)
3
3

CO (ppmv)
100
100

Spectral transmittance at both representative low temperature (600K) and high temperature
(2400K) are presented in Figure B.1 and Figure B.2. At 600K the results from
HITRAN2008 match well with those from HITEMP. The RADCAL results do not provide
spectrally resolved transmittance. At 2400 K the HITEMP results show significantly higher
intensities for a few lines and significantly lower intensities for a few others when
compared to the HITRAN2008 results. The HITEMP results also capture lines in the 20002200 cm-1 range that are missed by the HITRAN2008 database.
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Figure B.1. Comparison of spectra transmittance calculated with HITRAN2008,
HITEMP, and RADCAL for homogeneous test case 1 with CO2 at 600K.

Figure B.2. Comparison of spectra transmittance calculated with HITRAN2008,
HITEMP, and RADCAL for homogeneous test case 1 with CO2 at 2400K.
The integrated radiation intensity values are shown in Table B.2. At 600 K the band
integrated intensity values based on HITEMP are 2% higher than those based on
HITRAN2008. The band integrated values based on RADCAL results are 3.5% higher
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than those based on HITRAN2008 and 1.45% higher than those based on HITEMP. At
2400 K, the HITEMP results are 50.4% higher than those from HITRAN2008. The
RADCAL results are 69% higher than those of HITRAN2008 and 12.3% higher than those
of HITEMP. In this case, RADCAL results show better agreement with the HITEMP
results.
Table B.2. Integrated radiation intensity (W/cm2-sr) from carbon dioxide band (4.38 +/0.08 µm or 2285 +/- 40 cm-1).
Radiation
intensity
600 K
2400 K

HITRAN2008

HITEMP

RADCAL

7.40E-5
0.00129

7.55E-5
0.00194

7.66E-5
0.00218

Line by line spectrum of H2O is calculated in the wave-number 3500-4000 cm-1 (2.5-2.86
µm). Spectral transmittance at both representative low temperature (600K) and high
temperature (2400K) are presented in Figure B.3 and Figure B.4. The integrated radiation
intensity values are shown in Table B.3. Similar results are observed with those for CO2.

Figure B.3. Comparison of spectra transmittance calculated with HITRAN2008,
HITEMP, and RADCAL for homogeneous test case 1 with H2O at 600K.
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Figure B.4. Comparison of spectra transmittance calculated with HITRAN2008,
HITEMP, and RADCAL for homogeneous test case 1 with H2O at 2400K.

Table B.3. Integrated radiation intensity (W/cm2-sr) from water vapor band (2.58 +/- 0.03
µm or 3875 +/- 45 cm-1).
Radiation
intensity
600 K
2400 K

HITRAN2008

HITEMP

RADCAL

6.45E-7
2.48E-5

6.44E-7
4.99E-5

4.53E-7
3.99E-5

A representative turbulent lean premixed methane flame with heat release rate of 4.2 kW
and an equivalence ratio of 0.8 is selected to study the line by line calculation using
HITRAN database and HITEMP database for non-homogeneous cases. The flame was
established on the co-flow stabilized jet burner with a diameter of 15 mm (D). A
representative band of carbon dioxide is investigated from both spectral radiance on a range
of 4-5 µm and integrated radiation intensity from 4.38 +/- 0.08 µm narrow band. Four
difference axial locations along the centerline of the flame are selected for spectral radiance
study shown in Figure B.5. RADCAL simulation catches the most characteristics of Ji’s
measurements using fast infrared array spectrometer (FIAS) at x=40 mm and 100 mm. The
values of spectral radiance between 4.4 and 5 µm are slightly lower than those from
experimental measurements. At x=60 mm and 140 mm, RADCAL fails to catch the
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behavior on 4.2-4.4 µm while the trend after 4.4 µm matches the experimental
measurements with a slightly lower prediction on values. Line by line calculation from
HITRAN database is much more resolved than calculations from RADCAL. HITEMP
result matches that of HITRAN from 4.0-4.3 µm but higher than that of HITRAN at many
wavelengths in the range of 4.3-5.0 µm. From 4.6-5.0 µm, HITEMP simulation shows
better agreement with RADCAL calculation instead of HITRAN calculation.

Figure B.5. Spectral radiance comparison among Ji’s measurements, line by line
calculation using HITRAN database and HITEMP database, and narrowband calculation
from RADCAL.
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